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The energy crisis and global inclination to reduce green house gas emissions have 
been catalytic in directing the attention of research scientists to look for light weight 
materials. Magnesium based alloys have been attracting much attention as light weight 
materials due to their high specific strength, good castability, good machinability, high 
damping capacity, and its availability as a natural mineral. Magnesium materials are also 
35% and 75% lighter compared to aluminum and iron based materials, respectively. 
However, major limiting factors in using magnesium include its low ductility, rapid loss 
of strength with increase in service temperature, poor creep and corrosion resistance. The 
primary focus currently is to develop new generation of nano-composite materials capable 
of exhibiting good combination of thermal, mechanical, oxidation and other properties. 
This is necessary in order to fulfill the requirements in applications such as in aerospace, 
automobile and sport sectors. In this project, new nano-composites based on AZ31B are 
developed to address these issues. 
Firstly, AZ31B-Al2O3 nano-composites were developed by reinforcing AZ31B 
with three amounts of 50 nm Al2O3 (0.66 vol.%, 1.11 vol.%, and 1.5 vol.%, respectively). 
The results revealed reasonably uniform distribution of Al2O3 nano-particulates, good 
adherence of reinforcement and the matrix, and presence of minimal porosity suggesting 
the suitability of processing methodology adopted in the present study. With increasing 
amount of nano-alumina, the nano-composites showed a significant increase in tensile 
failure strain (from 5.6% to 29.5%), compressive strengths (0.2% CYS and UCS) and 
work of fracture while tensile strengths (0.2%TYS and UTS) and coefficient of thermal 
expansion reduced. Moreover, tensile fracture behavior of AZ31B changed from typical 
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 brittle fracture to shear-type ductile fracture due to the presence of Al2O3 nano-particulates 
in the matrix. In addition, the presence of nano-Al2O3 particulates assisted in retarding the 
oxidation rate of the magnesium alloy AZ31B at temperatures ranging from 300oC-470oC. 
Overall, the nano-composite of AZ31B-1.5Al2O3 exhibited a good combination of tensile, 
compressive and oxidation resistance properties. 
Secondly, AZ31B-1.5Al2O3-Ca system was developed by addition of 1wt%, 2wt%, 
and 3wt%Ca lump into AZ31B-1.5Al2O3 nano-composite. AZ31B-1.5Al2O3 was chosen 
because it exhibited comparatively superior properties when compared to other nano-
composite formulations. The results showed that increasing the amount of Ca addition led 
to a decrease in amount of Mg17Al12 phase, an increase in the amount of (Mg,Al)2Ca 
phase and the significant refinement of matrix grain size. The increasing presence of 
calcium in AZ31B-1.5Al2O3 also led to a significant improvement in tensile and 
compressive strengths and work of fracture of AZ31B while failure strain was slightly 
compromised but still remained significantly higher than that of monolithic AZ31B. 
Excellent oxidation resistance of AZ31B-1.5Al2O3-Ca formulations was realized and 
attributed to the presence of nano-alumina and calcium in temperature up to 500oC. 
Thirdly, AZ31B-1.5Al2O3-Cu system was developed by subsequently adding 
10wt% and 18wt%Cu to the AZ31B-1.5Al2O3 formulation. The aim of addition of Cu was 
to increase strength of the AZ31B-1.5Al2O3 system. The results showed that addition of 
Cu particulates led to formation of Mg2Cu and AlCuMg second phases in matrix. 
Reasonably uniform distribution of secondary phases in the AZ31B matrix was obtained. 
The increasing presence of copper in AZ31B-Cu-Al2O3 samples also led to a significant 
improvement in hardness, yield strengths and ultimate strengths under both compression 
and tension while failure strain was compromised. 
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 Overall, the developed nano-composites show a diverse range of mechanical properties 
and thus exhibit a great potential in diverse engineering applications such as in aerospace, 
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This chapter is organized in three sections. The first section explains the 
motivation and the scientific/technical issues behind this project. The second section 
describes the main aims of this project. The last section describes the organization of this 
project. 
   
1.1 The Motivation Behind This Project 
The term ‘light metal’ is traditionally used for magnesium, aluminum and titanium 
due to their capability of reducing the weight of components and devices traditionally 
made of iron based materials. The property of lightness translates directly to the 
enhancement of energy conserving properties that are absolutely necessary in the modern 
world to cut fuel consumption and green house gas emission. This is an obvious reason 
why light metallic materials have been actively pursued for applications in transportation 
sector such as aerospace, automobiles and defense sectors. These sectors have been 
instrumental in providing a great stimulus to the development of light metal matrix 
composites (MMCs) in past three decades [1-3]. MMCs based on light metals exhibit a 
significant advantage over traditional iron based materials in terms of specific mechanical 
properties [1-3]. 
Among light weight metals (magnesium, aluminum, titanium), magnesium based 
materials are increasingly becoming focus of attention. This is primary because of their 
capability to reduce the weight of components by almost 35% and 75% compared to 
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aluminum and iron based materials, respectively [4-6]. In particular, magnesium and its 
alloys have also been attracting much attention as the lightest structural materials due to 
their lowest density, high specific strength, good castibility, good machinability, good 
weldability, good thermal stability, high damping capacity, and good resistance to 
magnetic radiation [7-8]. Mathematically, by using the magnesium based light materials 
up to 30% of total weight, manufacturers will be able to reduce the use of fuel from an 
average of 10 liter to 3 liter per 100 km or will be able to switch to other green alternatives 
such as electrical power which can last 150km for each charge. The discovery of new 
advanced light structural materials based on magnesium is thus an important area that will 
be useful for many futuristic engineering applications.  
There are several magnesium alloys systems such as Mg-Al, Mg-Al-Zn, Mg-Zn, 
Mg-Mn, Mg-Zr, Mg-RE, and Mg-Th systems. Among these systems, Mg-Al-Zn (AZ) 
systems are widely used in the industry due to convenience in their fabrication and 
availability [9]. AZ31 is one of the commonly used magnesium based alloys in which Al 
mainly improves strength and hardness and it widens the freezing range and makes the 
alloy easy to cast. Zinc is added mainly to improve corrosion resistance and strength of 
magnesium. AZ31 is used extensively in applications such as in automobile, aerospace, 
transportation industries and portable equipments etc. Beside these advantages, there is a 
lot of scope to improve strength, ductility, creep resistance and corrosion resistance of 
AZ31B [4-8, 10-11]. The main motivation behind this PhD work was to make an attempt 
to enhance mechanical and/or oxidation properties of AZ31B and to provide an insight 
into scientific mechanisms governing these properties. It may be noted that the only 
difference in AZ31 and AZ31B is the strict control in impurity level of AZ31B. 
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 1.2 Main Aims 
The aims of this PhD project were to develop new advanced lightweight structural 
nanocomposites based on magnesium alloy system AZ31B, by addition of: (a) nano-
alumina particulates, (b) nano-alumina particulates and calcium element, and (c) nano-
alumina and copper particulates, respectively. All these composite formulations were 
synthesized using disintegrated melt deposition technique. Initially, three different volume 
percentages of nano-Al2O3 (0.66%, 1.11%, and 1.5%) were incorporated into the AZ31B 
matrix. The nanocomposite (AZ31-1.5Al2O3) which exhibited an excellent failure strain 
(29.5%) but reduced yield and ultimate tensile strength was selected and added with 
difference weight percentages of calcium and copper, respectively. To improve oxidation 
properties, 1wt%, 2wt% and 3wt% of calcium were added into the nanocomposite 
(AZ31B-1.5Al2O3). Finally, to improve strength, 10wt% and 18wt% of copper were added 
into AZ31B-1.5Al2O3 nanocomposite. The same amounts of copper were also added into 
pure AZ31B for reference. The processing, microstructural, physical, thermal, mechanical 
properties and oxidation behavior of the nanocomposites were diligently studied. The 
processing – microstructure – properties interrelationship is discussed in each case. Insight 
into mechanisms governing deformation, strengthening and oxidation of the composites is 
provided. 
 
1.3 Organization of This Thesis 
This thesis is scientifically organized in 7 chapters as follows: 
The opening chapter, chapter 1, guides readers to the motivation and scope of this 
research work. 
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Chapter 2 provides the literature review on the history and applications of 
magnesium and its alloys, the criteria of selecting the matrix material and reinforcements. 
It also provides the basis of choosing the processing methods for this research work.  
 
Chapter 3 presents information on materials used in this project and the art of 
preparing and arranging reinforcements in the matrix during processing stage. 
Experimental methodologies for synthesis of monolithic and nanocomposites and different 
characterization tests carried out in this project are also described. 
 
Chapter 4 shows microstructural, mechanical and oxidation characteristics 
exhibited by monolithic AZ31B and AZ31B – Al2O3 nano-composites. The results show 
significant improvements in properties in terms of ductility, work of fracture, and 
oxidation. The results indicate great potential of these nano-composites in diverse 
engineering applications that require formability. This chapter also attempts to study the 
effect of nano-alumina on microstructural, mechanical properties and oxidation properties 
of AZ31B. 
 
Chapter 5 presents the experimental results of AZ31B-1.5Al2O3-Ca system. The 
addition of Ca into AZ31B-1.5Al2O3 nano-composite led to great improvement in 
strengths, hardness and oxidation resistance over the monolithic AZ31B. The formation of 
new second phases, their shapes and sizes significantly contribute to the properties of 
these composites. Insight into deformation mechanisms and oxidation behavior is 
provided. 
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Chapter 6 presents the results obtained from AZ31B-1.5Al2O3-Cu system. Results 
exhibit that mechanical properties of pure AZ31B are significantly increased as a result of 
simultaneous addition of nano-alumina and copper particulates. The results show great 
potential of these composites in strength based engineering applications. 
 
In the last chapter, chapter 7, the main conclusions from the present study are 
listed and recommendations for future work are proposed.  
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 LITERATURE REVIEW 
 
2.1 The History and Applications of Mg and its Alloys 
Magnesium is the eighth most abundant element in earth. It is estimated that 
approximately about 1.93 wt% of earth crust and 0.13 mass percentage of the ocean 
contains magnesium [1]. Magnesium is the lightest structural metal with a specific density 
of 1.74 g/cm3 which is about two third of density of aluminum (2.7 g/cm3) and one quarter 
of that of iron (7.874g/cm3) [1-3]. Magnesium exhibits a hexagonal close-packed crystal 
structure as shown in Figure 2.1 [1]. One of the earliest known applications of Mg is in 
compound form as magnesium sulphate for medicinal purposes known commonly as 
Epsom salts in the late 1600s to early 1700s.  Although Joseph Black discovered magnesia 
in 1754 but it was only in 1808 when Humphrey Davy demonstrated magnesia was the 
oxide of a new metal which was later named magnesium. However, the newly discovered 
element Mg was not isolated until twenty years later, when Antoine Bussy combined dry 
magnesium chloride with potassium to produce the metal in its pure form. Mg can be 
extracted from seawater by electrolysis to produce Mg metal and chlorine gas, as first 
demonstrated by Robert Bunsen in 1852 [1].  
By early twenteith century,  the first commercial venture of magnesium was built 
in Germany and then followed by America during World War I. Mg was used mainly for 
weapon-manufacturing as it burns hot and fast. It was, however, only during the World 
War II in 1939 when the Germans and later the Americans started using Mg alloy for 
aircraft construction and other military applications, exploiting the low density of Mg [1-
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3]. Today, major automotive makers are researching into applications of Mg alloys in 
engines and car parts in order to reduce the weight and environmental impact due to gas 
emission. Magnesium alloys are also used in other products, such as sports equipment, for 
which light weight is an advantage. Cross country bicycle frames, suspension housings, 
portable tools, electronic equipment housing, and many other consumer products benefit 
from light weight of magnesium. The limit on electromagnetic radiation’s regulations also 
prompted manufacturers of electronic devices to use magnesium alloys owing to their 
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Fig. 2.1 Important planes and directions in hexagonally close packed magnesium. 
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2.2 Metallurgical Background of Magnesium  
2.2.1 Effects of Alloying Elements  
Magnesium is rarely used for engineering applications without being alloyed with other 
metals. The vast majority of the alloys systems currently being commercially produced 
contain Al, Mn, Zn, Zr, rare earths, and Ag in order to obtain strong, light weight alloys. 
Magnesium based materials can be grouped under following alloys systems: 
• Mg – Al – Zn 
• Mg – Al – Mn 
• Mg – Al – Zn – Mn 
• Mg – Zr 
• Mg – Zn – Zr 
• Mg – Zr – Rare earths 
• Mg – Zr – Rare earths – Ag 
• Mg – Zr – Rare earth – Yttrium 
• Mg – Zr – Th 
• Mg – Zr – Th – Zn 
• Mg – Zr – Th – Rare earths – Ag 
The purposes of addition of alloying elements are to influence corrosion behavior, 
physical and mechanical properties, welding ability, and machinability as described below 
[8]: 
 Aluminum: It has the most favorable effect on magnesium. It enhances castability, 
hardness, strengths, and widens the freezing range. The optimum combination of strength 
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and ductility is obtained when the amount of aluminum is below 6 wt%. Above 6wt% of 
aluminum, the alloy becomes heat treatable.    
 Zinc: Zinc is next to aluminum in effectiveness as an alloying element. Zinc helps 
in overcoming the harmful corrosive effects of iron and nickel impurities. Zinc is often 
used in combination with aluminum to produce improvement in ambient temperature 
strength. However, when the amount of zinc exceeds 1 wt% it leads to hot shortness. Zn is 
also used with Zr and rare earth metals such as Th, to produce precipitation hardenable 
magnesium alloys with good strength levels. 
Manganese: Manganese does not have much effect on ultimate tensile strength but 
it slightly increases yield strength. Mn addition improves salt water resistance of Mg-Al 
and Mg-Al-Zn by removing iron and other heavy metals from the melt.  
Zirconium: Zirconium is a powerful grain refining element. Lattice parameters of 
α-Zr (a = 0.323nm; c = 0.514 nm) are very close to those of Mg (a = 0.320 nm; c = 0.520 
nm) which is assumed to be the main reason of grain refinement. Zr-rich solid particulates 
produced early in the freezing of melt provide favorable sites for heterogeneous nucleation 
of magnesium grains during solidification. Zr is commonly used with Zn, rare earths, 
and/or thorium. It, however, can-not be used with Al or Mn because it easily forms stable 
phases with these elements and is thus removed from solid solution. 
Calcium: Calcium reduces oxidation of magnesium in the molten condition as 
well as during subsequent heat treatment. It also improves the rollability of magnesium 
sheet. 
Copper: Copper adversely affects the corrosion resistance of magnesium but 
improves room temperature and high temperature strength levels. 
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Iron and Nickel: These are regarded as the most harmful alloying elements. 
Corrosion resistance of Mg alloys reduces significantly even with small amount of iron or 
nickel (0.005 wt%). However, the addition of nickel into magnesium significantly 
increases its strength levels. 
Lithium: has relatively high solid solubility in magnesium. Li is an attractive 
element for light weight magnesium alloys due to its lower density (0.54 g/cm3). When 
amount of Li excess 11 wt%, the alloys change from hcp to bcc that directly improves the 
formability of magnesium alloys. Li addition leads to increased ductility but reduced 
strength of magnesium.  
 Thorium: Addition of thorium into magnesium increases the creep strength up to 
370°C. It also improves the weldability of magnesium alloys containing zinc.  
 Tin: Tin is useful when alloyed with magnesium containing small amount of 
aluminum. Tin increases ductility of the Mg-Al alloy and makes it better for hammer 
forging because it reduces the tendency for the alloy to crack while being hot worked. 
Yttrium: has a relatively high solid solubility in magnesium (12.4 wt%) and is 
added with other rare earth elements to promote creep resistance up to 300°C.       
 
2.2.2 General Deformation Mechanisms in Magnesium Alloys 
The strengths of materials and their resistance to different modes of deformation are 
normally less than what can be expected from their electronic structure, and it is now 
known that these differences arise from the presence of imperfections or dislocations in 
the crystal lattice. The dislocations have been seen and studied and their formal properties 
are generally understood. It is thus possible to study the deformation of materials at 
different levels, in terms of macro processes of slip or glide, twinning, and grain boundary 
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movements, and in terms of the movements of dislocations which underlines these 
phenomena. Since dislocations are not easily manageable and controlled, the phenomena 
of deformation will be considered as far as possible at the macro level [1, 8-11]. 
Magnesium exhibits remarkable increase in plasticity in the temperature range of 200-
225°C [11]. Important attributes of magnesium crystal are shown in Fig. 2.1 in terms of 
principle planes and directions. 
Researchers [9-11] have shown that up to 225°C, slip occurs readily on the basal planes 
(0001) of the hexagonal crystal structures, whenever they are favorably orientated in 
relation to the direction of stress (see Fig. 2.1 j). The direction of slip involving basal 
plane is typically [ ] direction. Magnesium at ambient temperature also deforms by 
twinning in which part of the crystal undergoes a slight re-orientation to become 
structurally the mirror image of the remainder as reflected in some crystallographic plane, 
normally the one that separates the twins. With magnesium, twinning at normal 
temperatures occurs readily on the pyramidal { } planes (see Fig. 2.1 g). With 
stresses parallel to the basal planes (0001), twinning of this type is only possible in 
compression, and with stresses perpendicular to the basal planes, it is only possible in 





2/3a . Maximum twinning occurs with the twin planes at approximately 45° to the 
stress axis. Other types of twinning occurring in magnesium to a minor extent include 
narrow bands of twins apparently of { } plane, which result from { } twins re-
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followed by {10 } in the new orientation. { } and { } are evidently reciprocal 







Above ~ 225°C, additional pyramidal slip planes { } become activated. It has, in fact, 
been shown that these can also operate at normal temperatures in single crystals with the 
basal planes lying 6° to the stress axis and therefore oriented unfavorably for basal slip. At 
very low temperature (-195°C) prismatic slip { } can also occur due to stresses 
caused at the grain boundaries which can-not be relieved by grain boundary shearing. 
Pyramidal slip { } also takes place at lower temperature. Prismatic slip is frequent at 
the temperature of liquid helium (4°K). There is some indication that pyramidal and 








The resolved shear stress along the basal plane will be maximum when the basal planes 
are inclined at 45° to the stress axis, and vanish when they are either parallel or 
perpendicular to it. It is therefore evident that ductility at room temperature in a 
polycrystalline specimen will be dependent on the textural direction, and that for random 
orientation it will increase with a decrease in grain size. During deformation of 
polycrystalline material, considerable stresses must develop at boundaries between grains 
which are unfavorably oriented for slip and adjacent grains in which slip can occur readily, 
and in consequence, the tensile properties of magnesium alloys should enhance more 
rapidly with decreasing grain size than is the case with cubic metals where more modes of 
deformation are possible. The ductility of a bicrystal is in accordance with the permissible 
modes of deformation of the separate grains, thus, if one grain is so oriented that neither 
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slip nor twinning is possible, the ductility of the bicrystal is zero. With twinning possible 
in one grain, the fracture strain is only slightly greater than that for twinning. Where slip 
can occur in both crystals, cracking takes place at the grain boundary following pile up of 
edge dislocations. It may be expected that the availability of additional slip planes above 
200°C would cause a remarkable increase in the tensile ductility of polycrystalline 
magnesium. However, only in coarsely crystalline materials are such an increase in 
ductility actually observed during tensile testing, and the effect of fine grain is evidently to 
“smooth out” the expected inflexions in the temperature – strain curve. Another effect of 
very fine grain size is to move the temperature – strain curve towards the left so that the 
steepening begins at lower temperature [8-11]. 
Twins and slip bands are readily visible in deformed magnesium. Other phenomena to be 
taken into consideration are as follows: 
a) Tight adherence of grain boundaries with signs of distortion within joining grains. 
b) Grain boundary movements, probably comprising alterations of shear and 
migration. 
c) Grain boundary sliding. 
d) Grain rotation - evidently a reflection of the foregoing. 
e) Sub-grain formation. 
f) Cavitation at grain boundaries. 
g) Textural effects such as preferred orientation and compression banding. 
          
2.3 The Selection of Metal Matrix 
The purpose of the matrix in a composite material is to combine with 
reinforcement into a composite material for shaping into the required geometrical form 
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and dimensions, as well as to take up external loads and to distribute them over the whole 
volume of composite. The selection of suitable matrix alloys is mainly determined by the 
intended applications of the composite material. With the development of light metal 
composite materials that are mostly easy to process, conventional light metal alloys are 
used as matrix materials [12-14].  
The most currently used magnesium alloy systems consist of Mg-Al, Mg-Al-Zn, 
Mg-Zn, Mg-Mn, Mg-Zr, Mg-RE, and Mg-Th systems. Among these systems, Mg-Al-Zn 
(AZ) systems are widely used in the industry due to their easy fabricability and low cost 
[11]. AZ31B (2.94% Al, 0.87% Zn, 0.57% Mn, 0.0027% Fe, 0.0112% Si, 0.0008% Cu, 
0.0005% Ni and balance Mg) is one of the commonly used magnesium based alloys in 
which Al mainly improves strength and hardness and widens the freezing range and 
makes the alloy easy to cast. Zinc is mainly added to enhance corrosion resistance and 
strength. AZ31 is used extensively in applications such as in automobile, aerospace, 
transportation industries and portable equipments. In this project, AZ31B is chosen as 
matrix material. To basically understand this alloy system, phase diagrams of Mg-Al and 
Mg-Al-Zn are shown in Figure 2.2 and typical room-temperature mechanical properties of 
AZ31B determined using ASTM standard are shown in Table 2.1 [15]. This alloy is a 
non-heat treatable alloy. 
 
Table 2.1 Typical room-temperature mechanical properties of AZ31B. 





in 50mm (%) 
Sheet, annealed 150 255 21 
Sheet, hard rolled 220 290 15 
Extruded bar, rod, and solid shapes 200 255 12 
Extruded hollow shapes and tubing 165 241 16 
Forgings 170 260 15 
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       Fig. 2.2 Phase diagram of Mg-Al (a), and Mg-Al-Zn isothermal section at 200C (b). 
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2.4 The Selection of Reinforcements – General Discussion 
2.4.1 Factors Governing Reinforcement Selection 
 
The selection of reinforcement depends on the type of the matrix, the type of processing 
and end application of materials. The general requirements of reinforcements are listed 
below [16-19]: 
a) Low density of the reinforcement for weight critical applications. 
b) Chemical compatibility which leads to optimal adhesion between the 
reinforcement and the matrix. 
c) Mechanical compatibility which allows difference in coefficient of thermal 
expansion between the reinforcement and the matrix. 
d) High mechanical properties. 
e) Easy availability/fabricability. 
f) Corrosion resistance. 
g) Reasonable cost 
Reinforcements for metal matrix composites are available primarily in the form of 
particulates, fibers and whiskers. More recently, high melting point metals in the form of 
particulates are also used as reinforcements [19, 20].  
 
2.4.2 Particulates 
For particulate reinforcements, ceramic particulates are commonly used due to their 
superior mechanical properties and low cost. A list of ceramic particulates classified under 
oxides, carbides, nitrides and borides are listed in Table 2.2. 
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Table 2.2 List of ceramic particulates commonly used as reinforcement [16]. 
Metal-basis Carbide Nitride Boride Oxide 
Boron B4C BN - - 
Tantalum TaC - - - 
Zirconium ZrC ZrN ZrB2 ZrO2
Hafnium HfC HfN - HfO2
Aluminum - AlN - Al2O3
Silicon SiC Si3N4 - - 
Titanium TiC TiN TiB2 - 
Chronmium CrC CrN CrB Cr2O3
Molybdenum Mo2C, MoC Mo2N, MoN Mo2B, MoB - 
Tungsten W2C, WC W2N, WN W2B, WB - 
Thorium - - - ThO2
 
The selection of particulate reinforcements is fundamentally based on the compatibility 
between the metallic matrix and the particulates and also the processing type. Common 
properties of particulate reinforcement that are instrumental in their selection are 
summarized in Table 2.3 [17]. 
    
2.4.3 Fibers 
 
Reinforcements in fiber form exhibit high strength and high modulus of elasticity coupled 
with low density which leads to high specific mechanical properties. Moreover, the fiber 
should have higher melting point and must exhibit good compatibility with the metallic 
matrix.  This means that both during the production of the composite and service, the fiber 
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should not degrade in terms of properties as a result of interaction with the matrix. The 
chemical and physical interaction results in formation of new phases at the interface, 
dissolution of the fibers in the matrix or structural changes of the fibers that leads to loss 
of strength. Nowadays, the most widely used fiber-reinforcements are based on boron, 
silicon carbide, carbon, oxides and metals [13].    
 
Table 2.3 Properties of commonly used reinforcement particulates. 
Type of particle SiC Al2O3 AlN B4C TiB2 TiC BN 
Type of crystal Hex hex hex Rhomb Hex cub hex 
Melting point(0C) 2300 2050 2300 2450 2900 3140 3000 
Young’s Modulus (GPa) 480 410 350 450 370 320 90 
Density (g/cm-3) 3.31 3.9 3.25 2.52 4.5 4.93 2.25 
Heat conductivity (Wm-1K-1) 59 25 10 29 27 29 25 
Mohs-hardness 9.7 6.5  9.5   1-2 
Thermal coefficient of 
expansion (10-6K-1) 





Whiskers are fine single crystals with a low defect density. They have diameters 
around 1 µm and show a very high aspect ratio. Special manufacturing techniques are 
applied to produce whiskers. They are grown from oversaturated gases, from solutions by 
chemical pyrolysis, by electrolysis from solutions or solids [18]. SiC and Si3N4 whiskers 
have proved to be particularly suitable for the reinforcement of metals. Recently, whiskers 
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have not been widely used. The reason is that the geometry of the whisker which is indeed 
responsible for its good properties has a high hazard potential. Being very thin and light, 
whiskers are easy to be inhaled in. Accordingly, working with whiskers poses a high 
health risk and requires suitable protection devices [19]. Whiskers and short fibers are 
normally agglomerated and are difficult to distribute into the metal matrix. The literature 
search shows that few attempts have been made to incorporate whiskers into the 
magnesium matrix [16]. A significant reduction in ductility due to addition of whiskers 
has been reported [16-18].  
  
2.4.5 Metallic Reinforcements 
 
The purpose of addition of metallic reinforcements into composite materials, especially 
for magnesium based matrix is to enhance the mechanical properties, hardness, stiffness, 
tensile properties and creep. The literature search showed that attempts have been made to 
add some elements into the magnesium matrix such as Mo, Cu, Ni and Ti [2, 19-21]. The 
results showed significant improvements in strengths and ductility depending on the type 
and amount of reinforcement.  
 
 2.4.6 Reinforcement Selection for Present Study 
The selection of reinforcement is based on the type of metal matrix, end application of 
composite, compatibility with the matrix and processing feasibility. Based on the literature 
search, particulate reinforcements are the best choice for the purpose of this project. The 
particulate reinforced composites offer the following advantages: 
(i) Low cost of starting materials and particularly that of reinforcement. 
(ii) Simple and low cost production processes can be used. 
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(iii) Isotropic properties. 
(iv) Compatibility with most conventional metalworking processes. 
The literature search showed that attempts have been made to reinforce AZ31 alloy using 
SiC particulates (1µm) [6], C60 molecules (1nm) [22], and multi-walled carbon nanotubes 
[23]. The processing technique used was friction stir processing and microstructure (grain 
size) and microhardness was investigated. In addition, limited attempts were also made to 
reinforce AZ31 alloy using TiNi shape memory alloy wires (10 mm diameter and 65 mm 
length) using pulsed current hot pressing technique [24]. The addition of Ca has been 
shown to assist in grain refinement and enhancing corrosion resistance as well as thermal 
and mechanical properties of magnesium alloys [25-26]. In other studies, it was observed 
that addition of Cu in magnesium and AZ91 alloy leads to a significant increase in 
strength but ductility is seriously compromised [27-28]. The literature search, however, 
revealed that no attempt is made to reinforce AZ31B alloy using commonly available, cost 
effective, thermally stable and stiff nano-alumina particulates using a high volume 
production solidification processing technique. The results of literature search also 
indicate that no attempt is made to improve overall tensile response of AZ31B using 
simultaneous addition of Ca or Cu and nano-alumina, respectively.  
Accordingly, commonly available 50-nm Al2O3 particulate was chosen as reinforcement 
in this study for investigation. In addition, attempt was made to enhance the effect of 
Al2O3 through Ca and Cu addition. The main objective was to make an attempt to improve 
the combination of microstructure, hardness, strengths, ductility and oxidation resistance 
when compared to AZ31B. Further the choices of these additions are also expected to 
enhance high temperature properties as established before [28-29].    
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2.5 Fabrication Methods 
Fabrication of a composite is the art of combining matrix and reinforcement into a new 
material. This is called “primary processing” of the composite. It is distinct from 
“secondary processing” where the composite is either extruded, shaped, deformed or 
joined. Steps during primary and secondary processing play crucial role in deciding the 
end quality of the composite material. For example in this project, as-received AZ31B 
alloy ingot was machined in form of rectangular blocks. The holes of 12 mm diameter and 
30 mm deep were drilled into these blocks to contain nano-Al2O3 particulates/micro-Cu 
particulates/Ca (see Fig. 3.2 in the next chapter). This step was crucial in giving good 
distribution of reinforcing particulates and alloying element in the melt. Primary 
processing methods, in general, can be classified into liquid state, solid state and 
deposition processes [12-14]. An overview of manufacturing processes for metal matrix 











Fig. 2.3 Schematic diagram of processing methods of metal matrix composites. 
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2.5.1 Liquid State Processing Methods 
Metal matrix composites (MMCs) can be processed by incorporating or combining a 
liquid metal matrix with the reinforcement. There are several advantages of using a liquid 
state process. These include near net-shape forming capability when compared to solid 
state processes such as extrusion or forming, faster rate of processing, and the relatively 
low melting temperatures associated with melting most light metals like Mg and Al based 
materials. The most common liquid phase processing techniques can be divided into five 
categories/types: (a) conventional casting, (b) liquid infiltration, (c) spray deposition, (d) 
in situ processes and (e) disintegrated melt deposition. 
 
2.5.1.1 Casting 
Casting of MMCs can typically be accomplished with conventional equipment used to 
cast metallic alloys [12]. This technique is normally used for MMCs containing particulate 
reinforcements because of the difficulty in casting fibrous performs without pressure. The 
particulates and matrix mixture are cast into ingots and a secondary process is usually 
applied to the composite such as extrusion, rolling or forging. Some critical issues that are 
related to matrix and reinforcement selection and processing parameters related to casting 
process are: 
a) Chemical reactivity between matrix and reinforcement should not be excessive. 
b) Addition of reinforcement particulates increases the viscosity of the melt. Thus, 
the temperature of the composite melt should be above the certain limit (~ 750ºC 
for Mg based composites) to keep the melt from becoming too viscous. Covering 
the melt with an inert gas atmosphere (Ar) reduces oxidation of the melt and 
eliminates the need of a flux. 
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c)  Stirring of the composite melt should be critically accomplished. For example, the 
density of Al2O3 (3.96g/cm3) is much higher than that of Mg alloy AZ31 
(1.77g/cm3). As a result, particulates will sink unless the melt is stirred beyond 
certain critical speed. Magnetic field and mechanical vibration have also been used 
to enhance wetting and incorporation of the reinforcement in the liquid matrix. 
During casting, the reinforcement is typically mobile so the motion or pushing of the 
particulates by the solidification front needs to be taken into consideration. If the 
particulates are pushed by the solidifying liquid, the particulates are segregated in the last 
remaining liquid that solidifies. In eutectic systems, for example, the remaining liquid is 
highly rich in solute. The resulting microstructure thus will be dependent on the relative 
size of the primary dendrites. For composites cooled at relatively slow cooling rates, the 
dendrite size is much larger than the particulate size and the solidified microstructure 
consists of several areas of high particulate clustering. For fast cooling rates, the matrix 
cell size is much smaller so the degree of particulate pushing is diminished significantly, 
resulting in a much more homogeneous distribution of particulates [13, 16]. 
 
2.5.1.2 Liquid Infiltration 
Liquid infiltration processes are related to a porous object made of the reinforcing phase 
with a mold and infiltrating it with the molten matrix that flows through the interstices to 
fill the pores and form a composite. There are two types of infiltration processes: 
pressureless and pressure assisted infiltration. In pressureless infiltration, the liquid matrix 
infiltrates a porous preform of reinforcement without the aid of external force. In pressure 
assisted infiltration, external force is applied by gas or by mechanical means. Composites 
produced by pressure assisted infiltration are denser compared to pressureless infiltration.  
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Squeeze casting is a type of pressure infiltration process that involves forcing the 
liquid metal matrix into a short particulate or fibrous perform [12].  The main advantages 
of this method are shorter processing time which is of particular interest for high-volume 
production of materials, ability to fabricate relatively complicated shapes, minimal 
residual porosity or shrinkage cavities due to the applied pressure, and minimization of 
interfacial reaction products between reinforcement and matrix due to the shorter 
processing times. Before infiltration starts, the reinforcement perform must be prepared. 
There are two ways of making the preform: (i) press forming and (ii) suction forming. In 
order to obtain infiltration of the preform, the molten metal must exhibit a relatively low 
viscosity and good wettability of the reinforcement. The reinforcement preform is placed 
in a mold, and the liquid is poured into a preheated die located on the bed of a hydraulic 
press. Infiltration takes place by mechanical force or by using a pressurized inert gas. 
Applied pressures of the order of 7-100MPa are typically used. Having the pre-form 
temperature lower than that of the matrix liquidus temperature is highly desirable in order 
to minimize interfacial reaction and to obtain a fine matrix grain size. Squeeze casting can 
also be used to obtain composites with relatively high reinforcement volume fractions 
(>40%). In conventional casting, achieving homogeneous particulate distribution at high 
volume fractions is extremely difficult. The squeeze casting technique has been primarily 
used for synthesizing composites based on low melting point metals such as Mg and Al 
and continuous fiber reinforced intermetallic matrix composites such as Al2O3 reinforced 
TiAl, Ni3Al and Fe3Al [16].  
Ultrasonic, centrifugal and electromagnetic forces can also be used to force the molten 
into non-wetting reinforcement performs. Liquid infiltration processes involve low 
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cooling rate so the reaction between the reinforcement and the matrix is invariably more 
than what is desirable which degrade the properties of the end composite [17-19]. 
 
2.5.1.3 Spray Deposition 
Spray deposition is a scientifically innovative technique that is used to synthesize metal 
based materials [17]. The metal or alloy is melted and the liquid stream is atomized with 
water or an inert gas. Rapid solidification of the droplets takes place, resulting in a 
preform and overspray powders. This technique has been modified, by injecting 
reinforcement particles or co-depositing the particulates with the matrix alloy. The 
advantage of this technique is the high rate of production, which can approach 6-10 
kg/min, and very fast solidification rate, which assists in minimizing any reaction between 
particulate and matrix. The as-processed billet contains porosity, so secondary processing 
is required to minimize porosity levels and microstructural homogeneity. The distribution 
of particulates in the liquid droplet is very much dependent on the size of the 
reinforcement and at what point in the process at which the reinforcement is injected into 
the matrix. When the particulates are injected into the matrix immediately after 
atomization, the matrix is still liquid, so the particulates are able to penetrate themselves 
into the liquid droplet, and a relatively homogenous distribution of particulates in the 
matrix is obtained following deposition. Injection of the particulates later in the process, 
i.e., when the matrix droplet is semisolid, does not allow easy incorporation of the 
particulates into the matrix, causing the particulates to reside on the surface of the matrix 
droplet. A consolidated composite with the latter particulate size distribution will have 
inferior properties as a result of a high degree of particulate clustering. This process is 
quite flexible in that the metal and reinforcement can be selectively deposited to obtain in 
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situ laminates or even functionally graded materials. The process can be quite expensive 
owing to the high cost of the experimental set-up [13]. 
 
2.5.1.4 In Situ Processes 
In situ processes fall into two major categories: reactive and non-reactive processes. In the 
reactive processes two components are allowed to react exothermically to form the 
reinforcement phase. Typically, a rather high volume fraction of ceramic particulates is 
formed in the matrix alloy, and this master alloy is diluted with the matrix alloy to obtain a 
composite of desired reinforcement volume fraction. An example involves Al2O3 as 
reinforcement particulates, which is created by the following reaction: 
 Al + SnO2 = Al2O3 + Sn       
Processing variables such as reaction temperature can be used to tailor the desired 
reinforcement particulate size, which is usually in the 0.25-1.5 µm range. The matrix 
commonly is Al, Ni, or an intermetallic matrix. An alternative process that combines spray 
co-deposition and reaction involves atomization of an A1-Ti alloy (at sufficiently high 
temperature) with a C-containing gas to form TiC particulates [13]. The advantage of in 
situ reaction processes, in general, is that the reaction eliminates problems typically 
associated with wetting of the particulate, so a relatively clean and strong interface is 
typically formed. The number of composite systems where reaction processing is 
beneficial, however, is limited and the relatively uniform distribution of fine particles 
produced can significantly increase the viscosity of the melt. 
Non-reactive in situ processes take advantage of two-phase systems, such as eutectic 
alloys, to form the fibre and matrix in situ. Controlled directional solidification is 
conducted to separate the two phases. A precast and homogenized material is melted in a 
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graphite crucible, and contained in a quartz tube in vacuum or inert gas atmosphere. 
Heating is typically conducted by induction and the thermal gradient is obtained by 
chilling the crucible. Electron beam heating may also be used, particularly when using 
reactive metals such as titanium. One can control the fineness of the microstructure, the 
size and spacing of the reinforcement (at constant volume fraction) by controlling the 
solidification rate. These rates typically lie in the range of 1-5 cm/h due to the need to 
maintain a stable solidification growth front [16].  
 
2.5.1.5 Disintegrated Melt Deposition (DMD) 
Disintegrated melt deposition technique was developed in early 1990s [30]. It is a 
unique technique which brings together the cost effectiveness associated with 
conventional casting process and the scientific innovativeness and technological potential 
associated with spray processes. However, unlike spray processes, DMD technique uses 
higher superheat temperatures and lower impinging gas jet velocity with the end product 
being only bulk composite material. Synthesis of a magnesium based composite, for 
example, involves heating matrix material and reinforcement to 7500C in an inert Ar gas 
atmosphere in a graphite crucible using a resistance heating furnace. The crucible is 
equipped with an arrangement for bottom pouring. Upon reaching the superheat 
temperature, the molten slurry is stirred for 5 min at 450 rev min-1 using a twin blade 
(pitch 45°) mild steel impeller to facilitate the incorporation and uniform distribution of 
reinforcement particulates in the metallic matrix. The impeller is usually coated with 
Zirtex 25 (86% ZrO2, 8.8% Y2O3, 3.6% SiO2, 1.2% K2O and Na2O, and 0.3% trace 
inorganic) to avoid iron contamination of the molten metal. The melt is then released 
through a 10 mm diameter orifice at the base of the crucible. The composite melt is then 
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disintegrated by two jets of argon gas orientated normal to the melt stream. The argon gas 
flow rate is normally maintained at 25 L min-1. The disintegrated composite melt slurry is 
subsequently deposited onto a metallic substrate into the form of cylindrical ingot. 
The literature search has shown that the DMD is a suitable processing method for 
making composites based on aluminum and magnesium [2, 4, 5, 20, 21, 27, 28]. 
Composites containing different length scales of reinforcements have been successfully 
synthesized [4, 5, 20, 27, 28]. For magnesium based nano-composites, ingots can be 
obtained with no macro-defects or shrinkage. This suggests great potential in terms of 
material saving. The wastage of material using DMD method is typically less than 10% 
which is much better compared to the 30-40% materials wasted during conventional 
casting. The DMD method has also been used to synthesize metastable metal particle 
containing composites [20, 21, 27, 28]. Recently, bimetal macro-composites based on Mg-
Al system were successfully synthesized using the DMD method [31]. The DMD 
technique is therefore used in this project to synthesize nano-composites based on 
magnesium alloy system AZ31B.   
 
2.5.2 Solid State Processing 
The main drawback associated with liquid phase techniques is the difficulty in controlling 
reinforcement distribution and obtaining a uniform matrix microstructure. Furthermore, 
adverse interfacial reactions between the matrix and the reinforcement are likely to occur 
at high temperatures involved in liquid processing. These reactions can have an adverse 
effect on the mechanical properties of the composite. The most common solid phase 
processes are based on powder metallurgy techniques. These typically involve 
discontinuous reinforcements due to the ease of mixing and blending and the effectiveness 
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of densification. The ceramic and metal powders are mixed, compacted, sintered, and 
plastically deformed to realize nearly full density. Plastic deformation processes include, 
for example, rolling, extrusion or forging. Novel low-cost approaches, such as sinter-
forging, are aimed at eliminating the hot pressing step, with promising results [13]. 
 
2.5.2.1 Powder Metallurgy Processing 
Powder processing involves blending, pressing and sintering steps to fabricate particulate 
or whisker-reinforced MMCs [2, 12-14]. The matrix and the reinforcement powders are 
blended to produce a homogeneous distribution. The blending stage is normally followed 
by cold pressing to produce what is called a green body, which is about 80% dense and 
then followed by sintering such as microwave sintering [2, 19]. The cold pressed green 
body is canned in a container, sealed, and degassed to remove any absorbed moisture from 
the particulate surfaces. One of the problems with bonding metallic powder particles to 
ceramic particulates is the oxide "skin" that is invariably present on the particulate surface. 
Degassing and hot pressing in an inert atmosphere contributes to the removal of metal 
hydrides present on the particulate surface, making the oxide skin more brittle and, thus, 
more easily sheared. The material is hot pressed, uniaxially or isostatically, to produce a 
fully dense composite and sintered. The rigid particulates or fibres do not deform, causing 
the matrix to be deformed significantly. 
The ratio of the reinforcement particulate size to matrix particle size is very important in 
achieving a homogeneous distribution of reinforcement in the matrix. The degree of 
homogeneity in particulate distribution can be quantified by a clustering parameter. 
Several techniques have been used to quantify particle clustering in metal matrix 
composites. Measurement of the nearest-neighbor distance of each particulate is the 
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simplest means of assessing particulate clustering but it can be deceptive, since the mean 
nearest neighbor spacing ignores the distribution in nearest neighbor spacings in the 
microstructure. Yang et al. [32] showed that the coefficient-of-variance (COV) of the 
mean near-neighbor distance is particularly sensitive and effective in characterizing 
particulate clustering. This parameter is also relatively insensitive to particulate volume 
fraction, size, and morphology. Coefficient-of-variance can be described by the following 
equation: 
d
COV dσ=          (2.12) 
where  is the variance in the mean nearest-neighbor distance, and d is the average of 
the mean near-neighbor distance of the particulates sampled. The degree of clustering, as 
measured by COV, is a function of matrix-reinforcement particulate size ratio. For large 
particulate size ratios, i.e., A1 particulate size much greater than SiC, or vice-versa, the 
degree of clustering is relatively high. It is interesting to note that the minimum degree of 




2.5.2.2 Diffusion Bonding 
Diffusion bonding is a common solid-state processing technique for joining similar or 
dissimilar metals. Interdiffusion of atoms, at an elevated temperature, from clean metal 
surfaces in contact with each other leads to bonding [33-34]. The principal advantages of 
this technique are the ability to process a wide variety of matrix metals and control of fiber 
orientation and volume fraction. Among the disadvantages are long processing times, high 
processing temperatures and pressures which makes the process expensive, and limitation 
on complexity of shapes that can be produced. There are many variants of the basic 
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diffusion bonding process, although all of them involve simultaneous application of 
pressure and high temperature. These include:  
• Foil-fiber-foil process – In this process, a matrix alloy foil or powder cloth (a 
mixture of matrix powder and a fugitive organic binder) and fiber arrays 
(composite wire) are stacked in a predetermined order. The stacked layers are 
vacuum hot pressed so that diffusion bonding may take place. Hot isostatic 
pressing (HIP), instead of uniaxial pressing, can also be used. In HIP, gas pressure 
against a can consolidates the composite piece inside the can. With HIP it is 
relatively easy to apply high pressures at elevated temperatures with variable 
geometries. This process is clearly suited for flat products, although corrugated 
structures have also been produced. 
• Matrix coated fiber process – In this process, the fibers are coated with the matrix 
material by plasma spraying or some type of physical vapor deposition (PVD) 
process. The uniformity of fiber spacing is easier to control and the fibers can be 
handled more easily without inducing defects deleterious to fiber strength. 
Depending on the flexibility of the fibers, the coated fibers may also be wound on 
a drum. Since the matrix volume fraction is dependent on the thickness of matrix 
on each fiber, very high fiber volume fraction (~ 80 vol.%) of reinforcement may 
be obtained. It should be noted that the fiber or fiber coatings may react or be 
damaged by the high impact velocity of the liquid droplets.  
Fiber distribution is extremely important in controlling mechanical properties. In 
particular, fiber-to-fiber contact or very close spacing between fibers can result in very 
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high, localized stress concentrations which will result in fiber cracking and/or matrix 
damage leading to premature failure of the composite, under an applied load. 
 
2.5.3 Deposition Processes 
Deposition processes include physical vapor deposition (PVD), plasma spray and 
electro-deposition processes [13]. PVD is a type of vacuum deposition process and is a 
general term used to describe any of a variety of methods to deposit thin films by the 
condensation of a vaporized form of the material onto various surfaces. PVD processes 
(specifically, sputter deposition based processes) offer an extremely wide range of 
possibilities for fabricating nano-laminate microstructures with tailored chemistry, 
structure, and thickness of the individual layers and interfaces. Plasma spraying is the 
primary form of gaseous state processing. The main application of plasma spraying is to 
form matrix-coated fibers, which are subsequently hot-pressed to form the final product. 
Electro-deposition is a term for a broad range of industrial processes which includes 
electrocoating, e-coating, cathodic electrodeposition, and electrophoretic coating, or 
electrophoretic painting. A characteristic feature of these processes is that colloidal 
particles suspended in a liquid medium migrate under the influence of an electric field 
(electrophoresis) and are deposited onto an electrode. 
 
2.6 Summary 
The literature search showed the importance of discovering new light weight – 
high performance composite materials. Among the three light metals Mg, Al and Ti, 
magnesium based materials are gaining increasing worldwide attention as a result of their 
weight saving capabilities. Besides low density, magnesium based materials exhibit good 
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castability, machinability, weldability, thermal stability, specific mechanical properties, 
damping, and resistance to electromagnetic radiation. Major limitations of magnesium 
based materials include low ductility, low modulus and low resistance to fracture. AZ31B 
is one of the most commonly used wrought magnesium alloys. Many researchers around 
the globe have devoted their work to modify and enhance the properties of AZ31B but 
they failed to improve strength and ductility simultaneously. It has been shown 
convincingly that use of particulates in nanolength scales (i.e., Al2O3, Y2O3 and ZrO2) in 
pure magnesium can circumvent these limitations. The results of literature search also 
indicated that addition of Ca helps to significantly improve oxidation resistance and 
strength of magnesium. Cu helps to enhance significantly strength of magnesium based 
materials at both room and high temperature. However, no attempt has been made so far to 
synthesize nano-composites based on magnesium alloy AZ31B containing combination of 
alumina and calcium or copper as alloying element.  
Accordingly, the primary aim of this PhD work was to synthesize AZ31B based 
nano-composite with: (a) nano-alumina particulates, (b) nano-alumina particulates and 
calcium, and (c) nano-alumina and copper micro-particulates, respectively, using the 
technique of disintegrated melt deposition (DMD). The nano-composites obtained after 
casting were hot extruded and characterized. The processing, microstructural, physical, 
thermal, mechanical properties and oxidation behavior of the nanocomposites were 
diligently studied. The processing – microstructure – properties interrelationship is 
discussed in each case. Insight into mechanisms governing deformation, strengthening and 
oxidation of the composites is provided.   
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 Chapter 3: Experimental Procedures 
 
   EXPERIMENTAL PROCEDURES 
 
This chapter focuses on raw materials (matrix and reinforcements), the art of preparing 
and arranging reinforcements into the matrix, processing methods such as disintegrated 
melt deposition and extrusion, testing methodologies varying from density measurement, 
X-ray diffraction study (XRD), microstructural characterization, thermogravimetric 
analysis (TGA), differential scanning calorimetry (DSC), coefficient of thermal expansion 
(CTE), microhardness, tensile test, compression test, fractography to oxidation studies. All 
the tests were conducted accordance with ASTM standards, wherever applicable. An 
overview of experimental methodology is summarized in Fig. 3.1. 
 
 
AZ31B rectangular pieces Equipment setup Reinforced particulates 











Properties Oxidation Study Microstructural Studies 
Microhardness  Grain morphology 
Tensile testing Density and porosity  
Compressive testing Second phase morphology 





Fig. 3.1 An overview of experimental procedures. 
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3.1 Materials 
In the present study, AZ31B magnesium alloy ingots (supplied by Tokyo Magnesium 
company) with chemical composition of (2.94% Al, 0.87% Zn, 0.57% Mn, 0.0027% Fe, 
0.0112% Si, 0.0008% Cu, 0.0005% Ni and balance Mg) were cut into rectangular pieces. 
To obtain reasonable distribution of particulates into the AZ31B matrix, holes (12mm 
diameter and 30 mm deep) were drilled into these pieces and an amount of: a) 50-nm 
alumina particulates (99.99% purity and supplied by Baikowski, Japan), b) 50-nm alumina 
and 6-mesh Ca element (99.9% purity and supplied by Merck, Germany), and c) 50nm-
alumina and 8-11µm Cu particulates (99.99% purity and supplied by Johnson Matthey, 
MA, USA) were subsequently filled in these holes, respectively, to develop three types of 
systems (see Fig. 3.2). Three volume percentages of Al2O3 (0.66%, 1.11%, and 1.50%) 
were chosen to reinforce AZ31B magnesium alloy in the first phase of this study [1]. The 
best composition in term of ductility (AZ31B – 1.5Al2O3) was chosen. Calcium and 
copper were subsequently added into AZ31B-1.5Al2O3 nanocomposite for phase 2 and 
phase 3 to enhance overall properties of pure AZ31B. In the second phase of this study, 
three weight percentages of Ca (1%, 2%, and 3%) were added to AZ31B-1.5Al2O3 [2-7]. 
For the third phase of the study, 10wt% and 18wt% of copper particulates were added into 
AZ31B-1.5Al2O3 nano-composite [1, 8]. The same amount of copper was also added into 
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Fig. 3.2 Array of holes drilled in AZ31B blocks to contain reinforcements. 
 
 
3.2 Primary Processing 
Synthesis of nano-composites was carried out using disintegrated melt deposition (DMD) 
technique (see Fig. 3.3). Synthesis of the nano-composites involved heating the 
magnesium alloy pieces described in the section 3.1 with: (a) alumina particulates, (b) 
alumina particulates with calcium, and (c) alumina particulates with copper, respectively, 
to 750oC in an inert Ar gas atmosphere in a graphite crucible using a resistance heating 
furnace, respectively. The crucible was equipped with an arrangement for bottom pouring. 
Upon reaching the superheat temperature, the molten slurry was stirred for 5 min at 450 
rev min-1 using a twin blade (pitch 45°) mild steel impeller to facilitate the incorporation 
and uniform distribution of reinforcement particulates in the metallic matrix. The impeller 
was coated with Zirtex 25 (86% ZrO2, 8.8% Y2O3, 3.6% SiO2, 1.2% K2O and Na2O, and 
0.3% trace inorganic) to avoid iron contamination of the molten metal. The melt was then 
released through a 10 mm diameter orifice at the base of the crucible. The composite melt 
was disintegrated by two jets of argon gas orientated normal to the melt stream. The argon 
gas flow rate was maintained at 25 L min-1. The disintegrated composite melt slurry was 
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subsequently deposited onto a metallic substrate. A preform of 40 mm diameter was 
obtained following the deposition stage. The synthesis of monolithic AZ31B magnesium 
alloy was carried out using steps similar to those employed for the reinforced/alloyed 
materials except that no reinforcement/alloying elements were added. 
 
3.3 Secondary Processing 
The deposited monolithic and nano-composite preforms were machined to 36 mm 
diameter and hot extruded using an extrusion ratio of 20.25: 1 on a 150 ton hydraulic 
press. Extrusion was carried out at 350°C. The preforms were held at 400°C for 60 min in 
a constant temperature furnace before extrusion. Colloidal graphite was used as lubricant. 
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3.4 Density Measurement 
Density (ρ) measurements were performed in accordance with Archimedes’ principle on 
three randomly selected polished samples of pure AZ31B and its nano-composites taken 
from the extruded rods. Distilled water was used as the immersion fluid. The samples 
were weighed using an A&D ER-182A electronic balance, with an accuracy of ± 0.0001 
g. Theoretical densities of materials were calculated assuming they are fully-dense and 
there is no Al2O3/Mg interfacial reaction to measure the volume percentage of porosity in 
the end materials. The computation of theoretical density was carried out using Rule-of-
Mixture as shown below: 
( ) mrrrth VV ρρρ −+= 1         (3.1) 
where ρth is theoretical density (g/cm3), Vr is volume fraction of reinforcement, ρr is 
density of reinforcement (g/cm3) and ρm is density of matrix material (g/cm3). 






−= ρρρ ..         (3.2) 
where ρe is experimental density (g/cm3), Wa is weight of specimen in air, Ww is weight of 
specimen in water, ρa is density of air (=0.001225g/cm3) and ρw is density of water 
(=1g/cm3). 






−=          (3.3) 
Density values of matrix alloying elements and reinforcements used for computation of 
theoretically and porosity were [1, 9]: 
ρAZ31B = 1.77 g/cm3, 96.3
32
=OAlρ  g/cm3, ρCa = 1.54 g/cm3, and ρCu = 8.96 g/cm3. 
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3.5 Microstructure Characterization 
Microstructural characterization studies were conducted on metallographically polished 
extruded samples to investigate morphological characteristics of grains, presence of twins 
and size and distribution of secondary phases. Moreover, to provide insight into the 
fracture mechanisms of monolithic and its nano-composites under compressive loading, 
samples after compression testing were sectioned, polished and then etched. The etching 
solution was made using 10-cm3 acetic acid, 5-cm3 picric acid and 95-cm3 ethyl alcohol to 
reveal microstructural features such as grain boundaries [10-11]. OLYMPUS 
metallographic microscope and FESEM-S4300 equipped with EDS were used. Image 
analysis using the Scion system was carried out to quantify microstructural features 
exhibited by the materials.  
 
3.6 X-ray Diffraction Studies 
An automatic Shimadzu LAB-X XRD-6000 diffractometer was used to identify phases 
present in the samples. The samples were polished and exposed to Cu Kα radiation (λ = 
1.54056 Ao) using a scanning speed of 2 deg/min. X-ray results were also used to 
investigate preliminary texture effects introduced due to the presence of reinforcement 
and/or alloying elements. 
 
3.7 Differential Scanning Calorimetric Measurement 
A Shimadzu DSC-60 Differential Scanning Calorimeter was used to study precipitation 
and dissolution of second phases in the temperature range of 25oC – 600oC. Heating rate 
was maintained at 5oC/min and the flow rate of argon gas was kept at 50ml/min. 
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3.8 Coefficient of Thermal Expansion 
The coefficient of thermal expansion (CTE) of the extruded AZ31B and nanocomposite 
samples was determined by measuring the displacement of the samples as a function of 
temperature in the temperature range 50-400°C using an automated SETARAM 92-16/18 
thermo-mechanical analyzer.  
 
 3.9 Microhardness 
Microhardness measurements were made on the polished samples. Vickers microhardness 
was measured using Shimadzu-HMV automatic digital microhardness tester using 25gf-
indenting load and a dwell time of 15s.  
 
3.10 Tensile Testing 
The smooth bar tensile properties of the extruded samples were determined in accordance 
with ASTM test method E8M-05 using MTS 810 tensile testing machine with a crosshead 
speed set at 0.254 mm/min on round tension test specimens of 5 mm diameter and 25 mm 
gauge length. MTS extensometer was used for strain recording. 
 
3.11 Compressive Testing 
The smooth bar compressive properties of the extruded AZ31B and nano-composites 
samples were determined in accordance with ASTM test method E9-89a using MTS 810 
testing machine with a crosshead speed set at 0.04 mm/min on round compressive test 
specimens of 7 mm diameter. Ratio of length to diameter was unity for all the samples. 
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3.12 Tensile and Compressive Fracture Behavior 
Fracture surface characterization was conducted on the samples failed under tensile and 
compressive loading in order to provide insight into fracture mechanisms operating in 
AZ31B and its composites under tensile and compressive loading, respectively.  
 
3.13 Oxidation Test 
The test samples of 1 mm x 3 mm x 3 mm dimensions were cut from the extruded rods. 
The samples were initially mechanically ground on 2000-grit silicon carbide impregnated 
emery paper, washed ultrasonically in acetone, and then dried in ambient air (25°C) [12]. 
The DTA-TG apparatus (Shimadzu DTG-60H), with an accuracy of 1µg, was used to 
investigate the oxidation behavior. The specimens were inserted into the DTA-TG 
machine at room temperature and heated at a ramping rate of 500oC/min. The kinetics of 
weight change was calculated and compared in the laboratory air environment under 
isothermal conditions in the temperature range of 300-470°C and for time intervals up to 7 
hours [13]. As weight gain of AZ31B and nano-composites was negligible below 300°C 
and extremely high above 470°C, the study was restricted to temperature range of 300–
470°C. The oxidized samples were characterized to investigate the morphological 
characteristics of the oxide layer and interfacial integrity between the matrix and the oxide 
layer. To provide a meaningful insight into the oxidation behavior of the monolithic alloy 
and its nano-composite counterparts, the test samples were mounted in resin, ground, 
polished and etched. The etchant comprised of 10cc acetic acid, 5cc picric acid and 95cc 
ethyl alcohol and was used for revealing the oxide layer and the grain boundaries [10]. A 
light optical microscope and a scanning electron microscope (Model: FESEM-S4300) 
equipped with EDS were used to characterize the microstructure. 
Development of Nano-composites Based on Magnesium Alloy System AZ31B 
 
46
 Chapter 3: Experimental Procedures 
References 
1. Hassan, S.F. PhD thesis: Creation of New Magnesium Based Materials Using 
Different Types of Reinforcements, National University of Singapore. 2006. 
 
2. Wu, G. Fan, Y. Gao, H. Zhai, C. and Zhu, Y.P. The Effect of Ca and Rare Earth 
Elements on the Microstructure, Mechanical Properties and Corrosion Behavior of 
AZ91D, Mater. Sci. Eng. A, 408, pp.255-263. 2005. 
 
3. Jing, B. Yangshan, S. Shan, X. Feng, X. and Tianbai, Z. Microstructure and Tensile 
Creep Behavior of Mg-4Al Based Magnesium Alloys with Alkaline Elements Sr 
and Ca Additions, Mater. Sci. Eng. A, 419, pp.181-188. 2006. 
 
4. Wenwen, D. Yangshan. Z. Xuegang, M. Feng, X. Min, Z. and Dengyun, W. 
Microstructure and Mechanical Properties of Mg-Al Based Alloy with Calcium and 
Rare Earth Additions, Mater. Sci. Eng. A, 356, pp.1-7. 2003. 
 
5. Li, S.S. Tang, B. and Zeng, D.B. Effects and Mechanism of Ca on Refinement of 
AZ91D Alloy, J. Alloys Compd., 437, pp.317-321. 2007. 
 
6. Yim, C.D. You, B.S. Jang, R.S. Lim, S.G. Effects of Melt Temperature and Mold 
Preheating Temperature on the Fluidity of Ca Containing AZ31 Alloys, J. Mater. 
Sci., 41, pp.2347-2350. 2006. 
 
7. Han, L. Hu, H. Northwood, D.O. and Li, N. Microstructure and Nano-scale 
Mechanical Behavior of Mg-Al and Mg-Al-Ca Alloys, Mater. Sci. Eng. A, 473, 
pp.16-27. 2008. 
 
8. Hassan, F.S. and Gupta, M. Development of high strength magnesium: Copper 
based hybrid composites with enhanced tensile properties, Mater. Sci. Tech., 19, 
253-259. 2003. 
 
9. Michael, M.A. ASM Specialty Handbook: Magnesium and Magnesium Alloys, 
ASM International. 1999. 
10. Jager, A. Lukac, P. Gartnerova, V. Haloda, J. Dopita, M. Influence of Annealing on 
the Microstructure of Commercial Mg alloy AZ31 after Mechanical Forming, 
Mater. Sci. Eng. A, 432 20-25. 2006. 
 
11. Laser, T. Nurnberg, MR. Janz, A. Hartig, C. Letzig, D. Schmid-Fetzer, R. Bormann, 
R. The Influence of Manganese on the Microstructure and Mechanical Properties of 
AZ31 Gravity Die Cast Alloys, Acta Mater., 54 3033-3041. 2006. 
 
12. Czerwinski, F. The Early Stage Oxidation and Evaporation of Mg–9%Al–1%Zn 
Alloy. Corr. Sci., 46, pp.377-386. 2004.  
13. You, B.S. Park, W.W. and Chung, I.S. The Effect of Calcium Additions on the 
Oxidation Behavior in Magnesium Alloys. Scripta Mater., 42, pp.1089-1094. 2000. 
 




























DEVELOPMENT OF AZ31B ALLOY 




This chapter is self contained and presents tensile, compressive and oxidation 
behaviour of AZ31B-Al2O3 system. In order to make it self contained, this chapter 
is divided into five sections namely introduction, results, discussion, conclusions 
and references. The main aim of this part of the study was to make an attempt to 











The results of this chapter have been published in following journals: 
 
1.   Q.B. Nguyen and M. Gupta. Increasing significantly the failure strain and work of fracture 
of solidification processed AZ31B using nano-alumina particulates. Journal of Alloys and 
Compounds 459 (2008) 244-250. 
 
2.   Q.B. Nguyen and M. Gupta. Enhancing compressive response of AZ31B magnesium alloy 
using nano-alumina particulates. Composites Science and Technology 68 (2008) 2185-2192. 
 
3.  Q.B. Nguyen, M. Gupta and T.S. Srivatsan. On the role of nano-alumina particulate 
reinforcement in enhancing the oxidation resistance of magnesium alloy AZ31B. Materials 
Science and Engineering A, 500 (2009) 233–237. 
Chapter 4: AZ31B-Al2O3 System 
 
DEVELOPMENT OF AZ31B ALLOY USING Al2O3 PARTICULATES 
AT NANOLENGTH SCALE 
 
4.1 Introduction 
Magnesium based materials are gaining increasing worldwide attention as a result 
of their weight saving capabilities. Besides low density, magnesium based materials 
exhibit good castability, machinability, weldability, thermal stability, specific mechanical 
properties, damping, and resistance to electromagnetic radiation [1-11]. Major limitations 
of magnesium based materials include low ductility, low modulus, and weak corrosion 
resistance. It has been shown convincingly that use of particulates in nanolength scales in 
pure magnesium can circumvent these limitations [2, 12-14].  
AZ31B is one of the commonly used magnesium based alloys [15-33]. It is used 
extensively in applications such as in automobile, aerospace and transportation industries. 
In recent years, attempts have been made to reinforce AZ31 alloy using SiC particulates 
(1µm) [3], C60 molecules (1nm) [34], and multi-walled carbon nanotubes [35]. The 
processing technique used was friction stir processing and microstructure (grain size) and 
microhardness was investigated. Limited attempts were also made to reinforce AZ31 alloy 
using TiNi shape memory alloy wires (10 mm diameter and 65 mm length) using pulsed 
current hot pressing technique [36]. 
In addition, results of literature search indicated that mechanical behavior of 
discontinuously reinforced metal matrix composites has been primarily investigated in 
tension and a relatively little amount of research is conducted to investigate their 
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compressive behavior. Towle et al. [37] showed that an increase in compressive strength 
up to 92% and reduction of failure strain up to 79% was realized when Mg and RZ5 were 
reinforced with saffil fibres (95wt% δ alumina and 5wt% silica; 3µm diameter and 150µm 
length). Szaraz et al. [38] and Agnew et al. [39] showed an increase in compressive 
strength when Mg was reinforced with SiC (9 µm) or alloyed with Y and Li, respectively. 
Han et al. [40] reported compressive properties of Mg/30vol%Y2O3 (0.33 µm) composite 
as a function of temperature. Furthermore, researchers established that the flow stress 
behavior of Mg and Mg alloys in compression differs markedly from that seen in tension 
[22, 24, 26-27, 29]. In tension, deformation mechanism by slip typically dominated 
whereas in compression, twinning induced deformation mechanism dominated in Mg and 
Mg alloys at room temperature [22-23]. Many attempts on compressive test have been 
made to investigate effect of twinning on shape of stress – strain curve of hexagonal 
metals systems [22-31, 41-43]. Researchers have established that at room temperature 
{ } twinning in AZ31 is activated under compression but not so prominently in 
tension [22-23, 26]. Reed Hill [44] and other investigators [29, 32-33, 45] proposed that 
twinning is a function of strain, strain rate, temperature, grain size, and grain orientation. 
2110
−
Moreover, during continued high temperature exposure processes such as heat 
treatment, rolling and welding [46-47] the magnesium alloys tend to exhibit undesirable 
properties such as inferior wear and poor corrosion resistance [48-49]. With an increase in 
oxidation temperature, the magnesium oxide film becomes increasingly non-protective, 
i.e., porous [7, 9, 50]. In earlier studies, researchers showed that the magnesium alloys 
tend to easily oxidize at temperatures above 450°C [51]. The initial reaction of pure 
magnesium metal with oxygen proceeds in the following three stages: (i) oxygen 
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chemisorptions on the clean metal surface, (ii) formation and coalescence of oxide islands, 
and (iii) a progressive thickening of the oxide [52-54]. Since the initiation of interest for 
the use of magnesium alloys in technologically relevant applications several concentrated 
efforts have been made to improve the oxidation resistance of pure magnesium and its 
alloy counterparts using the methods of alloying and surface coating. The formation of 
intermetallic phases during alloying and their presence and distribution in the magnesium 
metal matrix, especially in magnesium-aluminum alloys was correlated with their 
improved oxidation behavior [55-56]. The effect of major elements, such as, calcium, 
beryllium, yttrium and cerium on high temperature oxidation behavior of the magnesium 
alloy AZ91 and even pure magnesium has been investigated [7, 9, 57-58]. Extensive work 
has been done to implant yttrium-ion and cerium [48, 50-51] and to attempt to coat 
Al18B4O33 and SiC [49] on the magnesium alloy surface for the purpose of enhancing the 
surface wear resistance and corrosion-related properties. The ceramic particulates, such as 
chromium oxide (Cr2O3), aluminum oxide (Al2O3) and silicon dioxide (SiO2), are known 
for their good mechanical properties and excellent corrosion resistance [59]. Among the 
ceramic particulates, the nano-Al2O3 particulates exhibit an excellent combination of 
specific stiffness (E/ρ), high temperature mechanical properties, large surface area and 
even oxidation resistance [60]. 
A comprehensive examination of the published literature does reveal no attempt 
being made to study the intrinsic influence of the nano-size ceramic particulates on tensile, 
compressive and oxidation behavior of monolithic AZ31B. Accordingly, the primary aim 
of the present research investigation was to synthesize AZ31B/Al2O3 nanocomposites 
using the technique of disintegrated melt deposition (DMD). The deposited ingots were 
subsequently hot extruded. Effect of volume fraction of nano-alumina particulates on the 
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microstructure, tensile and compressive properties of AZ31B alloy was investigated. The 
extruded magnesium-based composite was also characterized for its oxidation behavior in 
the temperature range of 300°C – 470°C. As weight gain of AZ31B and nanocomposites 
was negligible below 300°C and extremely high above 470°C, the results presented and 
discussed are restricted to temperature range of 300°C-470°C. 
 
4.2 Results 
4.2.1 Macrostructure  
The result of macrostructural characterization conducted on the as deposited 
monolithic and reinforced materials did not reveal any presence of macropores or 
shrinkage cavity. Following extrusion, there was also no evidence of any macrostructural 
defects (See Fig. 4.1). 
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4.2.2 Density Measurement 
The results of the density measurements are shown in Table 4.1. Results show that near 
dense nano-composites can be formed using the fabrication methodology adopted in the 
present study. 







Grain characteristics Materials 
 Theo. Experimental  Size(µm) Aspect ratio 
AZ31B 0.00 1.77 1.77 0 5.77 ± 0.38 1.55 ± 0.02 
AZ31B/0.66Al2O3 0.66 1.7845 1.7841 ± 0.0037 0.0617 4.50 ± 0.33 1.45 ± 0.02 
AZ31B/1.11Al2O3 1.11 1.7943 1.7933 ± 0.0026 0.0558 3.92 ± 0.10 1.69 ± 0.01 
AZ31B/1.50Al2O3 1.50 1.8098 1.8086 ± 0.0028 0.0663 3.14 ± 0.03 1.13 ± 0.01 
 
4.2.3 X-ray Diffraction 
Fig. 4.2 shows X-ray diffractogram obtained from extruded monolithic AZ31B. 
Diffractogram shows the presence of intermetallic β-Al12Mg17 phase in the α-Mg phase. 
Addition of nano-alumina led to change the orientation of basal plane of monolithic 
AZ31B (See Fig. 4.3). The sample after compression also clearly indicated reorientation 
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β - Mg17Al12















 Angle, 2θ 
Fig. 4.2 X-ray diffraction of AZ31B showing second phase Mg17Al12 in magnesium 
matrix. 
 

























Parallel 1 0.78 (0001) 





Fig. 4.3 X-ray diffractograms and I/IMax of basal plane in the cases of: (a) AZ31B  
and (b) AZ31B/1.11Al2O3 along the parallel and perpendicular direction of 
the extrusion.  
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 Angle, 2θ 
 b) 
Fig. 4.4 X-ray diffraction results of: (a) AZ31B and (b) AZ31B/1.50Al2O3 samples 
before compression (lower) and after compression (upper) showing re-
orientation of (0001) plane due to deformation twinning. 
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4.2.4 Microstructural Characterization 
Microstructural studies conducted on the extruded composite specimens showed near 
equiaxed grain morphology (see Fig. 4.5 and Table 4.1), decreasing size and roundness of 
second – phase with increasing presence of Al2O3 (see Fig. 4.6 and Table 4.2), fairly 
uniform distribution of Al2O3 nano-particulates (see Fig. 4.7), good Al2O3-AZ31B 
interfacial integrity in terms of debonded regions and the presence of minimal porosity 
(see Figs 4.5-4.7 and Table 4.1). Monolithic and composite samples after compression 
showed presence of twinned grains (see Fig. 4.8). Microvoids appeared mostly at the 
interface of second phases and occasionally at twin front after compression (see Fig. 4.8). 
Results of grain size measurements revealed that composite samples exhibited marginally 
lower grain size when compared to AZ31B magnesium alloy and that the average grain 
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 a) b) 
Fig. 4.6 Representative FESEM micrographs showing shape and distribution of 
second-phase in the case of: (a) AZ31B and (b) AZ31B/1.50Al2O3 samples. 
 
Table 4.2 Results of second phase morphology of AZ31B and its nanocomposites. 











AZ31B 1.57 ± 0.36 1.65 1.99 8.29 
AZ31B/0.66Al2O3 1.19 ± 0.17 1.43 1.82 6.61 
AZ31B/1.11Al2O3 1.07 ± 0.07 1.31 1.63 6.36 
AZ31B/1.50Al2O3 1.06 ± 0.08 1.28 1.62 6.32 
*Roundness is the measure of the sharpness of a particle’s edges and corners expressed by the formula 
(perimeter)2/4π(area) [6].  
**Interparticulate spacing of second phase was computed following Eq. ⎟⎠
⎞⎜⎝
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a) b)  
Fig. 4.7 Representative FESEM micrographs showing: (a) distribution of Al2O3 












 b) a) 
Fig. 4.8 Presence of twins and micro-voids after compressive test in the case of: (a) 
AZ31B and (b) AZ31B/1.50Al2O3 samples. 
 
4.2.5 Coefficient of Thermal Expansion 
Table 4.3 shows the results of coefficient of thermal expansion measurements obtained 
from AZ31B and AZ31B/Al2O3 samples. The results revealed a reduction in CTE of the 
AZ31B matrix with an increase in amount of Al2O3 nano-particulates. 
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4.2.6 Microhardness 
The results of microhardness measurements revealed an increase in average 
microhardness with an increase in amount of Al2O3 nano-particulates (see Table 4.4). 
Within composite samples, the increase in hardness was rather insignificant.  
 
4.2.7 Tensile Characteristics 
The results of ambient temperature tensile tests revealed significant improvement in 
failure strain and work of fracture of AZ31B composites with an increase in amount of 
Al2O3 nano-particulates. However, the addition of Al2O3 nano-particulates led to reduction 
in 0.2% yield strength and ultimate tensile strength of AZ31B matrix (see Table 4.3 and 
Fig. 4.9). 
 










Work of Fracture 
(MJ/m3) 
AZ31B 26.23 201 ± 7 270 ± 6 5.6  ± 1.4 15 ± 3 
AZ31B/0.66Al2O3 25.69 149 ± 7 215 ± 15 14.6 ± 1.1 31 ± 4 
AZ31B/1.11Al2O3 25.12 148 ± 11 214 ± 16 25.5 ± 2.2 52 ± 2 
AZ31B/1.50Al2O3 24.73 144 ± 9 214 ± 16 29.5 ± 1.9 60 ± 3 
 















AZ31B 63 ± 1 133 ± 4 444 ± 10 12.6 ± 1.0 46.32 ± 2.05 
AZ31B/0.66Al2O3  79 ± 4 172 ± 17 468 ± 10 13.4 ± 1.8 56.64 ± 3.07 
AZ31B/1.11Al2O3 82 ± 2 174 ± 2 478 ± 11 13.5 ± 0.8 59.26 ± 2.13 
AZ31B/1.50Al2O3 86 ± 3 176 ± 7 486 ± 5 14.3 ± 1.2 60.35 ± 4.73 
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Fig. 4.9 Tensile stress-strain curves of AZ31B and AZ31B/Al2O3 nano-composites. 
 
4.2.8 Compressive Characteristics 
The results of ambient temperature compressive tests revealed significant improvement in 
0.2% compressive yield strength (0.2%CYS), ultimate compressive strength (UCS) and 
work of fracture (WF) of AZ31B composite samples when compared to monolithic 
AZ31B. Within composite samples, the increase in the properties with an increase in 
amount of Al2O3 nano-particulates was only marginal (see Table 4.4 and Fig. 4.10). Strain 
hardening rate versus strain curves of AZ31B and AZ31B/1.50Al2O3 derived from 
compressive stress – strain curves indicated higher strain hardening rate in the case of 
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Fig. 4.11 The dependence of strain hardening rate on strain of AZ31B and 
AZ31B/1.50Al2O3. 
 
4.2.9 Tensile Fracture Behavior 
Fracture of AZ31B matrix changed from typical brittle fracture mode in the case of 
monolithic AZ31B to shear-type ductile fracture mode in the cases of composite samples 
[61]. Fracture surface of monolithic AZ31B sample was mostly perpendicular to the 
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principle tensile stress while fracture surfaces of composite samples were sheared at 







b) a)  

















Fig. 4.13 Representative FESEM tensile fractographs showing: (a) microcracks in 
the case of AZ31B and increasing evidence of plastic deformation in the 
case of: (b) AZ31B/0.66Al2O3, (c) AZ31B/1.11Al2O3, and (d) 
AZ31B/1.50Al2O3 composites. 
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a) b)  
Fig. 4.14 Representative FESEM tensile fractographs showing non-basal slip in the 
case of: (a) AZ31B and (b) AZ31B/1.50Al2O3 samples. 
 
4.2.10 Compressive Fracture Behavior 
Following compressive testing, monolithic and composite samples split into two parts and 
fracture surfaces of all samples were inclined at an angle of ~ 45° (see Fig. 4.15). FESEM 
study of fracture surfaces revealed presence of shear bands in both monolithic and nano-








Fig. 4.15 From left to right, macrographs of AZ31B before compressive testing and 
of AZ31B, AZ31B/0.66Al2O3, AZ31B/1.11Al2O3, AZ31B/1.50Al2O3 
samples after compressive fracture, respectively. 
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Fig. 4.16 Compressive fractographs of: (a) AZ31B and (b) AZ31B/1.50Al2O3 
showing shear bands due to twinning. 
 
 
4.2.11 Oxidation Behavior 
 Typical oxidation kinetic curves for the monolithic AZ31B and its nano-composite 
counterpart were measured using the thermo gravimetric method in the ambient 
temperature atmospheric condition and is shown in Figure 4.17. The weight change was 
converted into oxidation rate and tabulated in Table 4.5. The macroscopic surfaces of (a) 
the AZ31B samples at the different temperatures, and (b) its nanocomposite counterpart at 
400°C, following a 7 hour exposure to atmospheric air is shown in Figure 4.18. The 
formation of oxide particles and oxide islands on the surface of monolithic AZ31B and 
AZ31B-1.5Al2O3 samples at 400°C following 7 hours of exposure is shown in Figure 4.19. 
A cross-section of the AZ31B and AZ31B-1.50Al2O3 composite at 450°C is shown in 
Figure 4.20. The results shown in Figure 4.21 clearly indicate the variation in thickness of 
the oxide layer as a function of temperature for both AZ31B and AZ31B-1.50Al2O3. 
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Time (mins)  
c) 
Fig. 4.17 Influence of nano-alumina volume fraction on weight change kinetics of 
AZ31B alloy at: a) 350°C, b) 400°C and c) 450°C. 
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Fig. 4.18 Macroscopic images of: a) AZ31B alloy at different temperatures; b) 















 c) d) 
Fig. 4.19 Oxide film characteristics of: a) monolithic AZ31B and b) AZ31B-
1.5Al2O3 after 7 hours exposure at 400°C, and that of AZ31B-1.5Al2O3 
at: c) 400°C and d) 470°C. 
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Table 4.5 Oxidation rate (mpy) of monolithic AZ31B and composite samples 
calculated following Wagner’s model at different temperatures. 













Pure AZ31B 51.9 74.6 89.2 165.5 394.9 
AZ31B-0.66Al2O3 25.7 43.3 67.5 138.2 375.7 
AZ31B-1.11Al2O3 13.6 27.7 50.3 117.2 307.7 








Fig. 4.20 Cross-sectional images showing MgO oxide layer after 7 hours exposure 











































Fig. 4.21 Oxide thickness of monolithic AZ31B and AZ31B-1.50Al2O3 nano-
composite after exposure for 7 hours at different temperatures in ambient 
atmosphere. 
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4.3 Discussion 
4.3.1 Synthesis of AZ31B and AZ31B/Al2O3 Nano-composites 
Synthesis of AZ31B and AZ31B/Al2O3 nano-composites was successfully accomplished 
by using DMD technique followed by hot extrusion. Observations made during DMD 
processing revealed: a) minimal oxidation of melts, b) undetectable reaction between 
graphite crucible and melts (AZ31B and AZ31B/Al2O3), and c) absence of blowholes and 
macropores. These observations are consistent with the previous findings made on DMD 
processed pure magnesium based composites [1, 2, 12-14]. 
 
4.3.2 Microstructural Behavior 
The results of microstructural characterization revealed presence of nearly equiaxed grains 
(Fig. 4.5) in both monolithic and composite samples. β-Al12Mg17 phase predominantly 
located at grain boundaries was observed in all samples (Figs 4.5 and 4.8). Increasing the 
presence of reinforcement had minimal effect in reducing grain size suggesting the 
incapability of nano-size Al2O3 particulates to serve as either nucleation site or obstacles 
to grain growth during solid state cooling. The presence of nano-Al2O3 particulates 
assisted in breaking down the β-Al12Mg17 phase as can be seen in Fig. 4.6 and Table 4.2. 
The size, roundness, volume fraction and interparticulate spacing of second phase was 
reduced with increasing presence of nano-alumina. Microstructural characterization 
studies also revealed the presence of minimal porosity. This has also been supported by 
the experimental porosity results obtained using density measurement and shown in Table 
4.1. Presence of minimal porosity can be attributed to judicious selection of experimental 
parameters during primary processing and secondary processing. 
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The reasonably uniform distribution of Al2O3 nano-particulates can be attributed to: (i) 
good dispersion of Al2O3 nano-particulates in the AZ31B magnesium alloy matrix during 
melting because of suitable arrangement of raw materials in the crucible and the judicious 
stirring parameters [2, 12, 14], (ii) good wetting of Al2O3 nano-particulates by AZ31B 
alloy, (iii) argon gas disintegration of metallic stream [62], and (iv) dynamic deposition of 
composite slurry on substrate and hot extrusion. Significantly, low standard deviation in 
the microhardness of the monolithic and composite samples also support the 
microstructural homogeneity realized in monolithic and composite samples (see Figs 4.5 – 
4.7 Table 4.4). Results of microstructural characterization also revealed good interfacial 
integrity between Al2O3 and matrix (see Fig. 4.7), absence of debonded regions and 
interfacial reaction products. The results are consistent with the previous observations 
made on Mg/Al2O3 nanocomposite formulations [2, 12, 14]. 
Microstructural characterization revealed presence of twinned grains and microvoids in 
monolithic and composite samples following compressive testing (see Fig. 4.8). Careful 
observation using FESEM revealed that deformation twinning mostly appeared in larger 
grains (see Fig. 4.8). Recently researchers showed that preferred }{ 2110  twinning 
dominated in AZ31 during compression at room temperature [23-27, 29]. Barnett et al. [24] 
used electron backscattering diffraction method to identify prominent appearance of 
}{ 2110  twinning in AZ31 during compression. A clear evidence caused by twins is 
reorientation of lattice structure after compressive deformation which is shown in Fig. 4.4. 
These results are consistent with the work of Brown et al. [29] on AZ31B system and the 
findings of other researchers on hcp materials [40-41]. The results of the present study 
also show that the presence of reinforcement in nanolength scale does not much affect the 
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reorientation of lattice structure (Fig. 4.4). Microstructural investigation also revealed the 
presence of microvoids predominantly at the interfaces of second phases and occasionally 
at twinning front (see Fig. 4.8). Usually these micro-voids occupied a significant portion 
of the twin and rarely protrude much into the neighbouring grains. These findings are also 
consistent with that made on monolithic materials [28].  
 
4.3.3 Thermal Behavior 
The results of CTE measurements shown in Table 4.3 revealed that increasing presence of 
Al2O3 nano-particulates reduces progressively the average CTE values of the nano-
composites [2, 12]. The results suggest an appropriate integration of AZ31B alloy with 
low CTE nano-Al2O3 particulates (CTE: 7.4x10-6/0C) [2]. The results are consistent with 
the similar findings made by investigators on other magnesium based formulations 
containing different types of reinforcements and in different length scales [1, 2, 12-14]. 
 
4.3.4 Microhardness  
A prominent increase in microhardness was observed in composite samples when 
compared to unreinforced AZ31B (see Table 4.4). This is consistent with the earlier 
observations made on Mg-Al2O3 nanocomposite formulations [2, 12, 14] and AZ31B/SiC 
composite formulation [3]. The increase in hardness of nanocomposites in the present 
study can be attributed to: (i) the reasonably uniform distribution of harder Al2O3 nano-
particulates in the matrix, and (ii) higher constraint to the localized matrix deformation 
during indentation due to presence of the nano-particulates [1-2, 13-14]. 
 
 
Development of Nano-composites Based on Magnesium Alloy System AZ31B 69
Chapter 4: AZ31B-Al2O3 System 
4.3.5 Tensile Behavior 
The results of tensile properties characterization showed that the presence of Al2O3 nano-
particulates in AZ31B matrix reduced both the 0.2%YS and UTS (see Table 4.3 and Fig. 
4.9) suggesting their incapability to act as obstacles to dislocation motion. Similar 
observations were made in the case of micro-composites based on Mg alloys by other 
investigators [1, 63].  
A significant increase in failure strain was exhibited by AZ31B/Al2O3 formulations in the 
present study (see Table 4.3). This observation is not unique as ductility improvement in 
AZ31B was also attempted using addition of Mn [18] and Sr [64] and Li [65]. The 
increase in ductility of AZ31B/Al2O3 formulations can primarily be attributed to: (a) grain 
refinement [66], (b) presence and reasonably good distribution of Al2O3 particulates [2], (c) 
reduction in size and roundness of second phase (see Table 4.2 and Fig. 4.6), and (d) the 
redistribution of basal plane (0001) in the case of nanocomposite samples. Grain 
refinement particularly benefits hexagonal metals in ductility increment [14, 66]. In earlier 
studies Wang et al. revealed an increase in ductility up to 30.82% by reducing the grain 
size to below 5µm. These results are consistent in principle with the results obtained in our 
study (see Tables 4.1 and 4.3). The increase in ductility of brittle materials such as 
magnesium can also be attributed to the presence of nanosize particulates such as Al2O3 
and CNT [2, 14]. The nanoparticulates have been shown in the previous study to provide 
sites to open cleavage cracks ahead of advancing crack front and altering the local 
effective stress from plane strain to plane stress in the neighborhood of crack tip [12]. The 
reduction in size and roundness of the secondary phase in the microstructure can also be 
attributed as one of the reason in improvement in failure strain. Roundness is a measure of 
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the sharpness of a particle’s edges and corners. It has been established before that 
breakdown of the secondary phase located at grain boundaries and the change in their 
distribution from a predominantly aggregated type to dispersed type as also observed in 
the present study can assist in improving ductility [67]. Lastly, the nature of redistribution 
of basal plane in the extruded directions can also be attributed as a reason for an increase 
in failure strain.  The data of x-ray and I/IMax of basal plane is shown in Fig. 4.3. It can 
clearly be observed that the fraction of the basal plane of AZ31B alloy strongly depends 
on the extruded direction when compared to AZ31B/1.11Al2O3 composite sample. These 
results are consistent with the similar observations made by Mukai et al. on the extruded 
and equal-channel-angular-extrusion AZ31 alloy [68].  
The work of fracture of the nano-composites was found to be much larger when compared 
to that of the monolithic AZ31B magnesium alloy and improved more than four times in 
the case of AZ31B/1.5Al2O3 composite samples (see Table 4.3). This can mainly be 
attributed to the improved failure strain of the nano-composite samples synthesized in the 
present study. Work of fracture expresses the ability of material to absorb energy up to 
fracture under tensile load and corresponds to the area under engineering stress – strain 
curve [14]. The results thus clearly reveal the enhanced damage tolerant capability of 
AZ31B when reinforced with Al2O3 particulates in nanolength scale. 
 
4.3.6 Compressive Stress-Strain Curves 
Fig. 4.10 shows compressive stress-strain curves for monolithic and composite samples. 
The concave nature of curves is consistent with earlier observations made on AZ31B and 
can be attributed principally to twinning governed deformation [22-23, 26-29]. Strain 
hardening rate curves (Fig. 4.11) exhibited higher strain hardening rate in the case of 
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nanocomposite samples when compared to unreinforced samples. The curves can be 
divided into three stages. The first regime, stage I, is similar to the dynamic recovery 
regime. Stage II is a region with increasing strain hardening rate which is attributed to 
formation and development of twinning [23, 26, 41-42]. The last regime, stage III, is 
characterized by a falling strain hardening rate due to saturation of twinning and formation 
of micro-voids [28, 41-42]. These results are, in principal, consistent with the 
investigations made by Barnett [23] and Jiang [26] on AZ31B and of other researchers on 
hexagonally closed pack titanium [41]. Results further reveal the ability of Al2O3 in 
nanolength scale to increase the strain hardening rate and this may be attributed to its 
capacity to serve as an obstacle to dislocation motion by reducing the free path for 
dislocation motion [69]. 
 
4.3.7 Compressive Strength 
The results of compressive properties characterization showed that the presence of Al2O3 
nano-particulates in AZ31B matrix increased both the 0.2%YCS and UCS (see Table 4.4 
and Fig. 4.10). Similar observations were made in the case of micro-composites based on 
Mg and Mg alloys [37-38, 40]. The same trend was observed when lithium and yttrium 
were added to Mg [39]. The increase in the compressive strength of AZ31B/Al2O3 
formulations can primarily be attributed to: (i) dislocation generation due to elastic 
modulus mismatch and coefficient of thermal expansion mismatch between the matrix and 
reinforcement [14, 38, 70, 71], (ii) Orowan strengthening mechanism [30, 70-71], (iii) 
load transfer from matrix to reinforcement [14, 38, 70] and (iv) grain refinement caused 
by combination of the presence of nano-Al2O3 particulates and effect of deformation 
twinning [23, 41-42], 
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The mismatch of elastic modulus and CTE between the AZ31B matrix (CTE of AZ31B = 
26 x 10-6/0C and shear modulus of AZ31B = 17GPa) and nano-Al2O3 particulates (CTE of 
Al2O3 = 7.4 x 10-6/0C and shear modulus of Al2O3 = 152GPa) leads to dislocation 
generation in the vicinity of the interface [13-14]. A higher dislocation density in the 
composite yields a higher level of internal stress [13, 71]. The geometrically necessary 










10 ερ         (4.2) 
where  is the shear strain in the matrix, mγ λ  is the local length scale of the deformation 
field which can be interpreted as the distance whereby dislocation generated at the 
reinforcements are restrained from movement, b is the Burgers vector, f is the volume 
fraction of particulate, ε  is the misfit strain due to the different CTEs of AZ31B and 
Al2O3, and d  is the average diameter of particulates.  
The increment in yield strength of the nano-composites, ∆σ, caused by mismatch of elastic 
modulus and CTE can be estimated by [74]: 
( ) ( )22 CTEEM σσσ ∆+∆=∆         (4.3) 
where EMσ∆  and CTEσ∆  are the stress increment due to elastic modulus and coefficient of 
thermal expansion mismatch between the matrix and nano-Al2O3 particulates. These can 
be expressed by Taylor dislocation strengthening mechanism as follows: 
EMmEM b ραµσ 3=∆         (4.4)   
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and  CTEmCTE b ρβµσ 3=∆        (4.5) 
where α  and β  are the strengthening coefficients and mµ is the shear modulus of the 
matrix. 
The strength increase in the case of the nano-composites can also be attributed to the 
dislocation – impenetrable particulates interaction by the Orowan strengthening 
mechanism [38]. Miller et al. [75] showed that this mechanism is effective when the size 
of particulates is smaller than 1 µm. Due to the presence of nano-Al2O3 particulates, 
geometrically necessary dislocation loops are formed around each particulate after 
dislocation lines bow and bypass. These loops lead to high work hardening rate and help 
to strengthen the nano-composites [38, 70]. The contribution to yield strength by Orowan 









µσ −Π=        (4.6) 
where M is a strengthening coefficient, λ  is the mean inter-particulate distance given by 
⎟⎠
⎞⎜⎝
⎛ −Π= 14 fdλ , BAZ 31υ  is the Poisson’s ratio for AZ31B. 
Effective load transfer from matrix to reinforcement is dependent on the interfacial 
bonding between the reinforcement and the Mg matrix [14] and the volume fractions of 
nano-particulates [38]. According to the modified shear – lag model [76], the yield 
strength of a composite can be expressed as: 







1 σσσ )       (4.7) 
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where Cσ  and mσ  are respectively the yield stress of the composite and monolithic 
AZ31B, L is the size of the particulate parallel to the load direction, t is the thickness of 
the particulate and A = L/t is the particulate aspect ratio. For the equiaxed particulates, an 
increment in the yield stress due to load transfer LTσ∆  is expressed by [76]: 
mmCLT fσσσσ 5.0=−=∆         (4.8)  
The increase in the compressive strength of the nano-composites can also partly be 
attributed to the reduction in grain size (see Table 4.1 and Fig. 4.5) [6, 14] caused by 
combination of the presence of nano-Al2O3 particulates and deformation twins [14, 37-38]. 
The presence of nano-Al2O3 particulates helps to break down the second phase precipitates 
which act as nucleation sites during recrystallization and in addition pin grain boundaries 
resulting in limited grain growth. The formation of twins during compressive loading also 
assists in increasing the strength [42]. Twinning produces additional barriers to dislocation 
movement which is similar to reducing grain size [23, 41, 42, 45, 77]. Twin boundaries act 
as grain boundaries, reduce the slip length in the untwinned regions leading to increase in 
strength [42].  
The work of fracture of the nano-composites was found to be much larger when compared 
to that of the monolithic AZ31B magnesium alloy and improved by more than 30% in the 
case of AZ31B/1.5Al2O3 composite samples (see Table 4.4). This can mainly be attributed 
to the enhanced combination of compressive strengths and failure strain of the nano-
composites samples synthesized in the present study. Work of fracture expresses the 
ability of material to absorb energy up to fracture and corresponds to the area under 
engineering stress – strain curve [6, 13-14, 70]. The results thus clearly reveal the 
enhanced damage tolerance capability of AZ31B when reinforced with Al2O3 particulates 
Development of Nano-composites Based on Magnesium Alloy System AZ31B 75
Chapter 4: AZ31B-Al2O3 System 
in nanolength scale. Work of fracture (WF) also exhibited a near perfect linear 
relationship with microhardness (Hv) (Fig. 4.22). The relationship can be expressed as: 
6104.66327.0 += HvWF            (4.9) 9913.02 =R
This relationship clearly indicates the ability of microhardness to provide insight into the 
damage tolerance capability of nanocomposites under compressive loading. Further work 
using different composite formulations is continuing in this area.  
 
 





























Fig. 4.22 Interelation between work of fracture (WF) and microhardness (Hv). 
 
4.3.8 Tensile Fracture Behavior 
The study of uniaxially deformed fracture surfaces indicated the microstructural effects on 
failure strain and fracture characteristics of nanocomposites. In the case of monolithic 
AZ31B, a typical brittle fractured surface (see Figs 4.12 - 4.13) with the presence of 
microscopically rough small steps and microcracks can be noticeably observed. However, 
fractography of nanocomposite samples revealed a progressive reduction in size of 
microcracks and increased evidence of plastic deformation with the increasing presence of 
nano-Al2O3 particulates (see Fig. 4.13). Macroscopically, this was clearly evident as the 
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fracture surface changed from flat (perpendicular to tensile axis) indicating brittle fracture 
to shear type (∼420) ductile fracture (see Fig. 4.12) [78-79]. High magnification 
fractographs taken from monolithic samples (see Fig. 4.14a) revealed limited activation of 
non-basal slip [12] that was observed at very high magnification (x70,000). On the 
contrary, the composite samples revealed such evidences (see Fig. 4.14b) comparatively 
easily and at low magnification (x18,000). The results are consistent with the results of 
XRD (see Fig. 4.3) and tensile elongation (Table 4.3). 
 
4.3.9 Compressive Fracture Behavior 
Macroscopically, all monolithic AZ31B and the nano-composite samples failed primarily 
via one principle crack which was inclined at ~ 45° to the compressive axis (see Fig. 4.15). 
The failure generally initiated near to the specimen ends and appeared at the maximum 
stress. These results are consistent with findings made on Mg/Saffil and RZ5/Saffil 
composites [37]. These results also suggested that the failure mechanisms in monolithic 
AZ31B and the nano-composites are basically the same under compressive loading. The 
study of uniaxially compressively deformed fracture surfaces indicated the microstructural 
effects on failure strain and fracture characteristics of monolithic AZ31B and nano-
composite samples. Examination of fracture surfaces of AZ31B and the nano-composite 
samples revealed shear bands which can be attributed to twinning shear [28] (see Fig. 
4.16).  Investigations made on the sectioned samples adjacent to fracture surface revealed 
the presence of microvoids preferentially at the interface of second phase particles and 
occasionally at twin front suggesting them to be sites for crack initiation (see Fig. 4.8). 
 
Development of Nano-composites Based on Magnesium Alloy System AZ31B 77
Chapter 4: AZ31B-Al2O3 System 
4.3.10 Oxidation Behavior 
4.3.10.1 Thermo-Gravimetric Analysis 
 Typical oxidation kinetic curves for the monolithic AZ31B and its nano-composite 
counterpart were measured using the thermo gravimetric method in the ambient 
temperature atmospheric condition and are shown in Fig. 4.17. The results reveal 
retardation in the oxidation of the AZ31B alloy with a progressive increase in the amount 
of alumina particulates at all temperatures in the range 300-470°C. However, at 
temperatures below 450°C all of the samples exhibited parabolic curves suggesting that 
the oxide film is reasonably protective. The test results also revealed that an increase in 
the addition of nano-Al2O3 particulates led to a gradual decrease in the transient stage [57] 
of monolithic AZ31B (Figs  4.17a and b). This suggests an ability of the nano-Al2O3 
particulates to retard the diffusion of magnesium and oxygen atoms. Experimental 
observations also indicate a negligible weight change at temperatures below 300°C when 
the volume percent of the nano-Al2O3 reinforcement is up to 1.11. However, when the 
oxidation temperature was increased to 450°C, the oxidation response changed from 
parabolic to linear suggesting an intrinsic change in nature of the protective film (Fig. 
4.17c). 
 The oxidation rate was calculated using the expression initially put forth by 
Wagner’s [80]: 
DAT
Wmpy 534=            (4.10) 
where mpy is the oxidation rate in mils per year, W is weight loss in mg, D is density of 
specimen in g/cc, A is area of specimen in inch2 and T is exposure time in hours. The 
results of oxidation rates of the monolithic AZ31B and its nano-composite counterparts 
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are calculated using equation 1 and summarized in Table 4.5. The results reveal the 
oxidation rate of monolithic AZ31B to be significantly reduced with a progressive 
increase in nano-Al2O3 particulates. The results also reveal the oxidation rate of the nano-
composite containing 1.5 vol.% Al2O3 to be well within the  acceptable range up to a 
temperature of 400°C [80].  
 The observed reduction in the oxidation rate of alloy AZ31B as a result of the 
presence of nano-Al2O3 particulates can be attributed to the mutually interactive 
influences of the following:  
a) A fairly uniform distribution of the nano-Al2O3 particulates in the magnesium alloy 
(Fig. 4.7).  
b) Good interfacial integrity between the reinforcing Al2O3 particulates and the 
magnesium alloy AZ31B metal matrix in terms of debonded region (Fig. 4.7b) 
[81].  
c) A redistribution of the smaller second-phase particles (Mg17Al12) within the 
AZ31B metal matrix [55]. 
d) An increase in the amount of aluminum in the magnesium solution [55-56].  
A fairly uniform distribution of nano-Al2O3 particulates in AZ31B matrix can assist in 
minimizing the migration of ions to the metal/oxygen interface and thus reducing the 
oxidation rate. The results of earlier investigations [6, 81] have shown that the addition of 
nano-Al2O3 particulates led to an observable reduction in the volume fraction coupled 
with a redistribution of the second phase in the metal matrix. This suggests the presence of 
more aluminum in solid solution resulting in a progressive increase in the oxidation 
resistance of magnesium alloy AZ31B [55-56].   
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4.3.10.2 Macroscopic Observation 
 The macroscopic surfaces of (a) the AZ31B samples at the different temperatures, 
and (b) its nanocomposite counterpart at 400°C, following a 7 hour exposure to 
atmospheric air is shown in Fig. 4.18. A visual inspection indicates the morphology of the 
oxide growth surface to be dependent both on temperature of exposure and holding time at 
the temperature. A surface color change observed at 400°C for the monolithic AZ31B is 
shown in Fig. 4.18a. This clearly indicates the oxidation susceptibility of alloy AZ31B at 
400°C. The extent of oxidation increased significantly at 450°C and this was evident 
through the formation of a number of black spots (Fig. 4.18a) and a linear oxidation law 
(Fig. 4.17c). A observed reduction in the extent of oxidation with the addition of nano-
alumina particulates to the magnesium alloy particularly when their amount is 1.11% or 
higher at 400°C is shown in Fig. 4.18b. However, a further increase in temperature above 
450°C revealed no appreciable difference in surface color between monolithic AZ31B and 
its nanocomposite counterparts. This provided evidence of the upper limit of nano-
alumina particulate addition to control the oxidation behavior and kinetics of alloy AZ31B.  
 
4.3.10.3 Microscopic Characterization 
 The formation of oxide particles and oxide islands on the surface of monolithic 
AZ31B and AZ31B-1.5Al2O3 samples at 400°C following 7 hours of exposure is shown in 
Fig. 4.19. The formation and presence of ‘islands’ of oxides was observed for the case of 
monolithic AZ31B (Fig. 4.19a) while a reasonably homogeneous distribution of the oxide 
particles was seen for the case of the nanocomposite samples (Fig. 4.19b). Microstructural 
characteristics of the surface of AZ31B-1.5Al2O3 samples at 400°C and 470°C are also 
shown in Fig. 4.19c and d at same magnification. The sample at 400°C shows an oxide 
Development of Nano-composites Based on Magnesium Alloy System AZ31B 80
Chapter 4: AZ31B-Al2O3 System 
layer with no defects such as pores or cracks (Fig. 4.19c). However, porous oxide with 
cracks can clearly be seen at 470°C (Fig. 4.19d). It suggests a change in oxidation 
mechanism and is consistent with the observations made in Fig. 4.17. These observations 
are also consistent with oxidation kinetic curves that changed from parabolic type to linear 
type as shown in Fig. 4.17. The parabolic oxidation kinetics below 450oC can be primarily 
attributed to the absence of large defects such as pores and cracks. The growth of oxide 
layer was then governed by diffusion of ionic species. At temperatures 450°C and higher, 
cracks and pores developed significantly (Fig. 4.19) resulting in accelerated diffusion of 
air to the exposed metal surface leading to higher corrosion rate and linear oxidation 
kinetics. These observations and results are consistent with the fundamentals of oxidation 
and oxide growth in the case of materials exhibiting linear and parabolic kinetics [82]. A 
cross-section of the AZ31B and AZ31B-1.50Al2O3 composite at 450°C is shown in Fig. 
4.20. The presence of an oxide film on both monolithic AZ31B and its nano-composites 
can be readily noticed. In both cases, the film shows good integrity with the base metal 
and the thickness of the film was marginally lower for the case of the composite sample 
(Fig. 4.20). The results shown in Fig. 4.21 clearly indicate the variation in thickness of the 
oxide layer for both AZ31B and AZ31B-1.50Al2O3 as a function of temperature. At all 
temperatures, the thickness of the oxide layer was lower for the composite samples. 
However, at temperature of ~ 450°C, the thickness of the oxide layer for both monolithic 
and the composite samples increased rapidly suggesting a transition from the protective 
oxide to a non-protective oxide. The test results clearly indicate that the presence of nano-
Al2O3 particulates in magnesium alloy AZ31B retards the oxidation rate at all 
temperatures investigated in this study but could not prevent the transition of the oxide 
from  protective to non-protective at ~ 450°C. 
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4.4 Conclusions 
The main conclusions that may be derived from this work are as follows: 
(1) Monolithic AZ31B and AZ31B/Al2O3 composites can be successfully synthesized by 
using the DMD technique followed by hot extrusion. 
(2) The microstructure of the AZ31B alloy consists of α-Mg hcp matrix and -Al12Mg17 
second phase. The presence of Al2O3 nano-particulates assisted in the refinement of grain 
size and second phase. 
(3) Reasonably uniform distribution of Al2O3 nano-particulates, good adherence of 
reinforcement and the matrix, and presence of minimal porosity of the nano-composites 
revealed the suitability of processing methodology adopted in the present study. 
(4) The results of coefficient of thermal expansion measurements showed the decrease in 
CTE with increasing presence of nano-size Al2O3 particulates.  
(5) The results of mechanical characterization revealed a significant increase in both 
failure strain (up to 29.48%) and work of fracture of the nano-composites. 0.2% yield 
strength and ultimate tensile strength reduced as a result of presence of nano-size Al2O3 
particulates.  
(6) The presence of Al2O3 nanoparticulates leads to an increase in compressive strengths, 
failure strain and work of fracture of AZ31B. The effect of amount of Al2O3 
nanoparticulates within the range of 0.66 - 1.5 volume percent on the properties remained 
marginal. 
(7) Tensile fracture behavior of AZ31B changed from typical brittle fracture mode to 
shear-type ductile fracture mode as a result of presence of Al2O3 nano-particulates. 
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(8) Macroscopically and microscopically compressive fracture behavior of AZ31B 
samples was not affected noticeably as a result of presence of Al2O3 nanoparticulates 
within the limit of 1.5 volume percentage. 
(9) The presence of nano-Al2O3 particulates assists in retarding the oxidation rate of the 
magnesium alloy AZ31B at all temperatures investigated in this study. 
(10) A composite containing 1.5 volume percent of nano-Al2O3 particulates exhibits 
acceptable oxidation resistance at 400oC. 
(11) The presence of nano-alumina particulates could not prevent the transition from 
parabolic to linear oxidation behavior at  450oC. 
(12) Transition from parabolic to linear oxidation kinetics at temperatures of 450oC and 
higher can primarily attributed to the development of large defects such as pores and 
cracks in oxide layer. 
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DEVELOPMENT OF AZ31B THROUGH 
SIMULTANEOUS ADDITION OF 
1.5Al2O3 AND CALCIUM 
 
 
This chapter discusses the effect of calcium addition on the microstructural, tensile, 
compressive and oxidation properties of AZ31B-1.5Al2O3 formulation. The primary 
aim of this part of the study was to develop AZ31B alloy through simultaneous 
addition of Al2O3 nanoparticulates and calcium. It was anticipated that such an 
attempt will improve the overall combination of properties of AZ31B alloy. The 
results revealed that addition of calcium upto 3wt% increased strength, ductility and 
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DEVELOPMENT OF AZ31B THROUGH SIMULTANEOUS ADDITION OF 
1.5Al2O3 AND CALCIUM 
 
5.1 Introduction 
Global inclination to reduce green house gas emissions has been catalytic in directing the 
attention of research scientists to look for light weight materials. Magnesium based alloys 
and composites are one such group of materials which have the capability to reduce the 
weight of components by almost 35% when compared to aluminum based materials [1-4]. 
Magnesium alloys that contain aluminum and zinc are well known as AZ alloys [5-19]. 
These alloys are reasonably priced, easily available and used in many engineering 
applications. Many attempts have been made to further improve not only the ambient 
temperature mechanical properties of this alloy but also other properties such as creep and 
corrosion resistance through the judicious use of reinforcements, forming and surface 
coating processes [20-22]. Literature search showed that some efforts have been made to 
improve the mechanical properties of AZ31 by reinforcing it with SiC particulates (1µm) 
[9], C60 molecules (1nm) [10], and Al2O3 (50nm) [11]. Other attempts have also been 
made in recent years to enhance further the properties of this alloy through addition of rare 
earth elements, copper, and calcium [4-5, 19]. During continued high temperature 
exposure processes such as heat treatment, rolling and welding, AZ31 tends to exhibit 
undesirable properties such as inferior wear, low creep resistance and poor corrosion 
resistance [23-28]. Addition of Ca has exhibited great potential in enhancing grain 
refinement, corrosion resistance, and creep resistance but limits the ductility of 
magnesium alloys [1-3, 5, 7, 8, 12, 29]. In particular, the excellent oxidation resistance of 
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magnesium alloys containing calcium has been attributed to the formation of thin and 
dense CaO film on the surface [2, 12, 30, 31]. In the previous studies [10, 24], addition of 
nano-alumina showed significant improvement of mechanical properties in term of 
ductility and oxidation resistance of AZ31 alloy. However, no attempt is made to improve 
overall mechanical properties and oxidation resistance of AZ31B alloy using simultaneous 
addition of calcium and nano-alumina using cost effective and industrial viable 
solidification route. 
Accordingly, in the present study, an attempt is made to add simultaneously nano-
alumina and calcium to improve microstructural characteristics, mechanical properties, 
work of fracture and oxidation resistance of AZ31B alloy. The temperature of oxidation 
study was in range of 3000C – 5000C as weight gain of AZ31B and nanocomposites was 
negligible below 3000C and was extremely high above 5000C for monolithic AZ31B. 
Further, choice of these additions is also expected to enhance high temperature properties 
as established before [8, 31]. The technique of disintegrated melt deposition is used to 
synthesize these materials and all characterization studies were conducted on the samples 
in the extruded condition. 
 
5.2 Results 
5.2.1 Macrostructure  
The result of macrostructural characterization conducted on the as deposited monolithic 
and nanocomposite materials did not reveal any presence of macropores or shrinkage 
cavity. Following extrusion, there was also no evidence of any macrostructural defects. 
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5.2.2 Density Measurement 
The results of the density measurements are shown in Table 5.1. Results show that 
near dense materials can be formed using the fabrication methodology adopted in the 
present study. 
 
Table 5.1 Results of density and grain size characteristics of AZ31B-1.5Al2O3-Ca system. 
Density 
(g/cm3) 





(%) Size (µm) Aspect ratio 
Pure AZ31B 1.77 1.7679 ± 0.0017 0.12  5.77 ± 0.4 1.55 ± 0.02 
AZ31B-1.5Al2O3 1.8098 1.8086 ± 0.0028 0.07 3.14 ± 0.03 1.13 ± 0.01 
AZ31B-1.5Al2O3-1Ca 1.7998 1.7932 ± 0.0045 0.36 1.97 ± 0.08 1.12 ± 0.01 
AZ31B-1.5Al2O3-2Ca 1.7968 1.7956 ± 0.0036 0.08 1.49 ± 0.06 1.14 ± 0.02 
AZ31B-1.5Al2O3-3Ca 1.7940 1.7922 ± 0.0013 0.1 1.05 ± 0.03 1.09 ± 0.02 
 
5.2.3 Microstructural Characterization 
Microstructural studies conducted on the extruded samples revealed near equiaxed grain 
morphology (see Fig. 5.1 and Table 5.1). Figs 5.2a-c show the presence of second phases. 
The white color second phase corresponds to Mg17Al12 and the light grey color phase 
corresponds to (Mg,Al)2Ca phase based on EDS analysis. The microstructural 
characteristics associated with these phases were also quantified and shown in Table 5.2. 
Results revealed that increasing amount of Ca leads to an increase in the presence of 
(Mg,Al)2Ca phase while the amount of eutectic Mg17Al12 phase decreases (see Figs 5.2a-c 
and Table 5.2). Results of grain size measurements revealed that AZ31B-Al2O3-Ca 
composite samples exhibited significantly lower grain size when compared to AZ31B-
Al2O3 composite and monolithic AZ31B magnesium alloy (see Fig. 5.1 and Table 5.1). 
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Fig. 5.1 Representative micrographs showing grain morphology of samples. 
 
Table 5.2 Results of quantitative microstructural characterization of second phases. 
 
Diameter (µm) Aspect Ratio AZ31B-1.5Al2O3 
Containing 
Mg17Al12 (Mg,Al)2Ca Mg17Al12 (Mg,Al)2Ca 
0-Ca 1.06 - 1.13 - 
1-Ca 1.02 0.78 1.23 1.69 
2-Ca 1.05 1.08 1.37 2.58 
3-Ca 1.07 1.25 1.42 3.20 
Volume Fraction (%) Interparticulate Spacing (µm)*AZ31B-1.5Al2O3 
Added 
Mg17Al12 (Mg,Al)2Ca Mg17Al12 (Mg,Al)2Ca 
0-Ca 1.62 - 1.62 - 
1-Ca 0.71 1.00 0.71 1.00 
2-Ca 0.24 2.47 0.24 2.47 
3-Ca 0.07 5.53 0.07 5.53 
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 Fig. 5.2 FESEM micrographs showed the formation of (Mg,Al)2Ca network phase and  
   
          (Mg,Al)2Ca phase (light grey color) that gradually replaced Mg17Al12 phase (white  
          color) with increasing amount of Ca: a) 1%Ca, b) 2% Ca, and c) 3% Ca. Figs e  
            and f showed EDS of points #1 and #2 in Fig. d.  
Fig. 5.3 shows cross-sections of oxidation samples of AZ31B and AZ31B-1.5Al2O3-3Ca 
at 4500C. The presence of oxides film on both monolithic AZ31B and its nanocomposite 
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can be readily noticed. In the case of AZ31B sample, MgO film was found to be thick, 
rough, porous and partially adherent with the matrix (see Fig. 5.3a). It is, however, clearly 
seen in the case of AZ31B-1.5Al2O3-3Ca sample that a very thin oxide film was formed 
which was confirmed to be CaO oxide using X-ray diffraction method. This CaO oxide 
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Compact oxide CaO 
Compact oxide CaO 
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Fig. 5.3 Cross-sectional images showing: (a) MgO porous oxide in the case of 
monolithic AZ31B and (b and c) CaO thin and dense oxide in the case of 
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5.2.4 X-ray Diffraction 
Fig. 5.4 showed X-ray diffractograms obtained from AZ31B, AZ31B-1.5Al2O3 and 
AZ31B-Al2O3-Ca samples. Diffractograms showed the presence of eutectic Mg17Al12 and 
α-Mg  in the cases of AZ31B and AZ31B-1.5Al2O3  and (Mg,Al)2Ca, Mg17Al12 and α-Mg 
phases in the case of AZ31B-1.5Al2O3-2Ca. The formation of oxide films of MgO and 
CaO after oxidation was detected using thin film attachment mode in the case of 
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Fig. 5.5 X-ray diffractogram showing the formation of: (a) MgO oxide in the case of 
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5.2.5 Differential Scanning Calorimetery 
Fig. 5.6 shows the formation of two second phases at different temperatures. The 
Mg17Al12 and (Mg,Al)2Ca second phases were formed at ~ 4270C and ~ 5250C, 
respectively [8, 12]. Samples containing 3.wt% Ca did not show the precipitation of 

















Fig. 5.6 DSC results of AZ31B-1.5Al2O3 with addition of 1, 2 and 3wt%Ca. 
 
5.2.6 Coefficient of Thermal Expansion 
Table 5.3 shows the results of coefficient of thermal expansion measurements obtained 
from AZ31B and AZ31B-1.5Al2O3-Ca samples. The results revealed a reduction in 
average CTE of AZ31B with an increase in amount of Ca.  
 
5.2.7 Microhardness 
The results of microhardness measurements revealed a significant increase in average 
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Pure AZ31B 26.23 ± 0.51 63 ± 1 201 ± 7 270 ± 6 5.6 ± 1.4 
AZ31B-1.5Al2O3 24.73 ± 0.61 86 ± 3 144 ± 9 214 ± 16 29.5 ± 1.9
AZ31B-1.5Al2O3-1Ca 24.01 ± 0.43 98 ± 3 185 ± 6 243 ± 17 16 ± 1.2 
AZ31B-1.5Al2O3-2Ca 23.46 ± 0.76 104 ± 3 215 ± 5 261 ± 8 10 ± 0.2 
AZ31B-1.5Al2O3-3Ca 23.15 ± 0.54 113 ± 4 235 ± 7 285 ± 14 7.3 ± 0.2 









AZ31 133 ± 4 444 ± 10 12.6 ± 1.0 46.3 ± 2.1 
AZ31-1.5Al2O3-1Ca 231 ± 5 513 ± 12 11.7 ± 0.8 60.2 ± 3.4 
AZ31-1.5Al2O3-2Ca 269 ± 4 531 ± 11 10.9 ± 1.3 67.4 ± 3.5 
AZ31-1.5Al2O3-3Ca 301 ± 8 556 ± 14 10.3 ± 1.5 72.6 ± 3.9 
 
5.2.8 Tensile Characteristics 
The results of ambient temperature tensile tests revealed significant improvement in 0.2% 
yield strength and ultimate tensile strength with an increase in amount of Ca. However, 
the addition of Ca led to reduction in failure strain (FS) of AZ31B-Al2O3 composite which 
still remained higher when compared to that of AZ31B (see Table 5.3 and Fig. 5.7). It may 
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Fig. 5.7 Tensile stress – strain curves of AZ31B-1.5Al2O3 nanocomposite with 
addition of different amount of Ca. 
 
5.2.9 Compressive Characteristics 
The results of ambient temperature compressive tests revealed significant improvement in 
0.2% compressive yield strength (0.2%CYS), ultimate compressive strength (UCS) and 
work of fracture (WF) of AZ31B-1.5Al2O3-Ca composite samples while the failure strain 
was slightly compromised when compared to monolithic AZ31B. Within composite 
samples, strengths (0.2%CYS and UCS) increased with an increase in amount of Ca (see 
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Fig. 5.8 Compressive stress – strain curves of monolithic AZ31B and AZ31B-
1.5Al2O3-Ca samples. 
 
5.2.10 Tensile Fracture Behavior  
Fracture of AZ31B matrix changed from typical brittle fracture mode in the case of 
monolithic AZ31B to shear-type ductile fracture mode in the cases of AZ31B-Al2O3 
composite (440 shear angle). With an increase in amount of Ca in AZ31B-Al2O3 
nanocomposite, the trend of fracture reversed and became similar macroscopically to that 
of AZ31B (see Fig. 5.9). Microscopic characterization of the fracture surface revealed the 
presence of microcracks in AZ31B samples (see Fig. 5.10a), significant evidence of 
plastic deformation in the case of AZ31B-1.5Al2O3 (Fig. 5.10b) and both presence of 
microcracks and evidence of plastic deformation on the case of AZ31B-1.5Al2O3-3Ca 
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Fig. 5.9 Macrographs showing front view of fracture separation mode of samples 















 c) AZ31B-1.5Al2O3-3Ca 
 
Fig. 5.10 Fractographs showing fracture behavior of tensile samples. 
Development of Nano-composites Based on Magnesium Alloy System AZ31B 102
 Chapter 5: AZ31B-1.5Al2O3-Ca System 
5.2.11 Thermo-Gravimetric Measurements 
Fig. 5.11 shows the typical oxidation kinetic curves at 4000C and 4500C for the monolithic 
AZ31B and AZ31B-1.5Al2O3-3Ca samples measured using the thermo-gravimetric 
method in the ambient atmospheric condition. The results revealed an excellent oxidation 
resistance of the composite samples up to experimental temperature at 5000C when 









































































Fig. 5.11 Oxidation kinetic curves of monolithic AZ31B and AZ31B-1.5Al2O3-3Ca 
at 4000C and 4500C. 
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Table 5.5 Oxidation rate (mpy) of monolithic AZ31B and composite samples. 














AZ31 51.9 74.6 89.2 165.5 753 
AZ31-1.5Al2O3-1Ca 10.3 12.5 18.7 29.6 38.8 
AZ31-1.5Al2O3-2Ca 10.5 11.6 18.2 28.9 38.5 
AZ31-1.5Al2O3-3Ca 10.2 11.3 18.4 28.3 38.3 
 
5.3 Discussion 
5.3.1 Synthesis of AZ31B and AZ31B-1.5Al2O3-Ca Nanocomposites 
Synthesis of AZ31B and AZ31B-1.5Al2O3-Ca nanocomposites was successfully 
accomplished by using DMD technique followed by hot extrusion. Observations made 
during DMD processing revealed: a) minimal oxidation of melts, b) undetectable reaction 
between graphite crucible and melts and c) absence of blowholes and macropores. These 
observations are consistent with the previous findings made on DMD processed 
magnesium based composites [32]. 
 
5.3.2 Microstructural Behavior 
The results of microstructural characterization revealed presence of nearly equiaxed grains 
in the samples (Fig. 5.1). Eutectic Mg17Al12 and (Mg,Al)2Ca second phases predominantly 
located at grain boundaries were observed in all samples (Figs 5.1 and 5.2) [5]. Fig. 5.2 
showed principally three regions in different colors, matrix in grey, (Mg,Al)2Ca phase in 
light grey color, and Mg17Al12 phase in bright white color which were confirmed by EDS 
as shown in Figs 5.2e and f and X-ray diffractogram shown in Fig. 5.4. This observation is 
also consistent with the findings made by Sumida [13]. The results revealed that 
increasing the amount of Ca leads to an increase in the presence of (Mg,Al)2Ca phase 
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while the precipitation of Mg17Al12 second phase reduces. The increasing presence of 
(Mg,Al)2Ca led to the formation of a network along the grain boundary (see Fig. 5.2c) [14, 
16]. 
The results of this study also revealed that with an increase in amount of Ca, average grain 
size decreased. For example, the reduction in grain size for AZ31B-1.5Al2O3-3Ca sample 
was 67% when compared to AZ31B-1.5Al2O3 sample (see Table 5.1). Qualitatively these 
results are consistent with that of other researchers [12, 14, 33]. 
Microstructural characterization studies also revealed the presence of minimal porosity in 
all samples (Fig. 5.2). This has also been supported by the experimental porosity results 
obtained using density measurement and shown in Table 5.1. Presence of minimal 
porosity can be attributed to judicious selection of experimental parameters during 
primary processing and secondary processing [32]. 
The DSC traces in Fig. 5.6 showed that the two endothermic peaks appeared in the case of 
addition of 1 and 2wt% Ca while only one endothermic peak appeared in the case of 3wt% 
Ca addition. These two peaks correspond to Mg17Al12 (4270C) and (Mg,Al)2Ca (5250C) 
phases. The results clearly reveal that the addition of Ca leads to gradual disappearance of 
Mg17Al12 phase as there was no peak observed for its dissolution in the case of AZ31B-
1.5Al2O3-3Ca samples (Fig. 5.6). DSC results are supported by results of microstructural 
characterization which showed extremely limited volume fraction of Mg17Al12 phase in 
the case of AZ31B-Al2O3-3Ca samples (Table 5.2). In earlier studies, it was established 
that (Mg,Al)2Ca phase is more stable than the Mg17Al12 phase [34] and that increasing the 
amount of Ca leads to an increase in creep resistance and suppresses the formation of 
Mg17Al12 phase [2, 3]. The results of this study are also consistent, in principle, with the 
observation made on AZ50-Ca formulation [12].  
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Cross-sections of oxidation samples of AZ31B and AZ31B-1.5Al2O3-3Ca at 4500C are 
shown in Fig. 5.3. The presence of oxides film on both monolithic AZ31B and its 
nanocomposite can be readily noticed. In the case of AZ31B sample, the MgO film was 
thick, rough, porous and only partially adherent with the matrix (see Fig. 5.3a) [19]. When 
oxidation temperature is increased, the MgO layer thickened rapidly and became more 
porous. Due to its non-protective nature, it can be easily removed from the matrix. 
However, it is contrarily seen in the case of AZ31B-1.5Al2O3-3Ca sample that a very thin 
oxide film was formed which is confirmed to be CaO oxide using X-ray diffraction (Fig. 
5.3). This CaO film was found to be very smooth, thin, compact and adherent (Fig.s 5.3b 
and c) [30]. Calcium is known to form solid solution with magnesium up to 1.94wt% of 
Ca [35] and the affinity of calcium with oxygen is much higher than the affinity of 
magnesium with oxygen. When samples are exposed to high temperature, calcium is first 
to react with oxygen to form an oxide layer of CaO. This CaO oxide is dense, even and 
continuous even at high temperature which further prevents the diffusion of oxygen into 
the magnesium matrix and thus slows down the oxidation process [30-31]. Results of 
present study reveal the ability of this film to protect AZ31B-1.5Al2O3 up to 5000C (Table 
5.5). 
 
5.3.3 Thermal Behavior 
The results of CTE shown in Table 5.3 revealed that the increasing presence of calcium 
reduces progressively the average CTE values of AZ31B-1.5Al2O3 nanocomposite. The 
lower CTE values of nanocomposites are mainly attributed to the lower CTE value of 
Al2O3 (7.4x10-6/K) and the formation of a significant amount of new second phase 
(Mg,Al)2Ca which is expected to have much lower CTE value compared to the AZ31 
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matrix. The results are consistent with the similar findings made by some researchers [5, 
10]. 
 
5.3.4 Microhardness  
A significant increase in microhardness was observed in AZ31B-Al2O3-Ca composite 
samples when compared to AZ31B-Al2O3 composite and pure AZ31B (see Table 5.4). 
This is consistent with earlier observations made on AZ104-Ca, Mg-Al-Ca and AZ50-Ca 
formulations [1, 8, 12]. The increase in hardness of composites with increasing amount of 
calcium can be attributed primarily to: (a) an increase in the presence of harder 
intermetallic (Mg,Al)2Ca phase [1, 12]; (b) greater constraints on localized matrix 
deformation during indentation due to the increased presence of intermetallic phases and 
grain refinement [34, 36]; and (c) solid solution hardening [12]. 
 
5.3.5 Tensile Behavior  
The results of tensile tests revealed that the AZ31B-Al2O3-Ca composite samples 
exhibited a significant increase in 0.2% yield strength and ultimate tensile strength when 
compared to AZ31B-Al2O3 nanocomposite (see Table 5.3 and Fig. 5.7). The remarkable 
increase in 0.2% yield strength and ultimate tensile strength of the AZ31B-Al2O3 
composite due to the addition of calcium can be primarily attributed to: (a) a significant 
grain refinement (Table 5.1) [14]; (b) solid solution strengthening [10, 12, 34]; (c) the 
presence of reasonably distributed (predominantly at grain boundaries) harder 
intermetallic (Mg,Al)2Ca phase [1, 3] and (d) an increase in the amount and aspect ratio of 
(Mg,Al)2Ca phase [2] (see Table 5.2). It has been established in the previous studies that 
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high aspect ratio of secondary phase and grain boundary location inhibits dislocation 
movement [14] and the sliding of grain boundary [34] leading to an increase in strength. 
A reduction in failure strain was exhibited by AZ31B-Al2O3-Ca formulations in the 
present study (see Table 5.3). This observation is similar with the findings of other 
researchers obtained from AZ104-Ca, Mg-Al-Sr-Ca and AZ50-Ca alloys [1, 12, 14]. The 
reduction in failure strain with an increase in amount of Ca can be attributed to the 
increasing amount and increasing aspect ratio of (Mg,Al)2Ca in the microstructure (Fig. 
5.2 and Table 5.2). It may be noted that the presence of harder and high aspect ratio 
phases such as (Mg,Al)2Ca leads to plastic incompatibility with the matrix during tensile 
loading leading to early crack nucleation and hence reduced ductility. 
 
5.3.6 Compressive Strength 
The results of compressive properties characterization showed that the presence of Al2O3 
nano-particulates and calcium in AZ31B matrix increased both the 0.2%YCS and UCS 
(see Table 5.4 and Fig. 5.8). An increase of 126% in 0.2%YCS and 25% in UCS was 
obtained in the case of AZ31B-1.5Al2O3-3Ca sample. Similar observations were made in 
the case of micro-composites based on Mg and Mg alloys [36-37]. The remarkable 
increase in 0.2% yield compressive strength and ultimate compressive strength of AZ31B-
1.5Al2O3-Ca formulations can primarily be attributed to: (i) significant grain refinement 
[5,], (ii) the presence of reasonably distributed harder particulates/intermetallics phases 
[15, 32], (iii) dislocation generation due to elastic modulus mismatch and coefficient of 
thermal expansion mismatch between the matrix and reinforcement [38-40], (iv) load 
transfer from matrix to reinforcement [29, 38] and (v) Orowan strengthening mechanism 
[37]. 
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The work of fracture of the AZ31B-1.5Al2O3-Ca formulations was found to be much 
higher when compared to that of the monolithic AZ31B magnesium alloy and improved 
by more than 57% in the case of AZ31B-1.5Al2O3-3Ca composite samples (see Table 5.4). 
This can mainly be attributed to the significant enhancement of compressive strengths 
coupled with slightly reduction of failure strain of the nano-composites samples 
synthesized in the present study. Work of fracture expresses the ability of material to 
absorb energy up to fracture and corresponds to the area under engineering stress – strain 
curve [41]. The results thus clearly reveal the enhanced damage tolerance capability of 
AZ31B when reinforced with nano-Al2O3 particulates and alloyed with calcium.  
 
 5.3.7 Tensile Fracture Behavior 
The study of uniaxially deformed fracture surfaces indicated the microstructural effects on 
failure strain and fracture characteristics of nanocomposites. Macroscopically, this was 
clearly evident as the fracture surface changed gradually from shear type (~ 440) ductile 
fracture (AZ31B-Al2O3) to flat brittle fracture (perpendicular to tensile axis) with 
increasing the amount of Ca (AZ31B-Al2O3-3Ca) [39] (see Fig. 5.9). The lowest ductility 
exhibited by AZ31B was in conformance with the presence of microcracks and cleavage 
step on the fracture surface. In the case of AZ31B-1.5Al2O3, the fracture surface exhibited 
an absence of both microcracks and cleavage steps while a more elongated dimple-like 
structure was observed. This is consistent with the higher ductility demonstrated by the 
AZ31B-1.5Al2O3 samples (see Table 5.3). A progressive addition of Ca led to a decrease 
in failure strain which can be attributed to the increasing presence of (Mg,Al)2Ca phase 
(Table 5.2). Accordingly, the fracture surface exhibited the presence of cracks and limited 
evidences of plastic deformation (see Fig. 5.10). 
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5.3.8 Oxidation Behavior 
Typical oxidation kinetic curves for the monolithic AZ31B and its nano-composite 
counterparts were measured using the thermo gravimetric method in the ambient 
atmospheric condition and are shown in Figure 5.11. The results reveal retardation in the 
oxidation of the AZ31B alloy with the presence of alumina particulates and calcium at all 
temperatures in the range 300-5000C. At temperatures below 4500C, all of the samples 
exhibited parabolic curves suggesting that the oxide film is reasonably protective [24]. 
However, when the oxidation temperature was increased to 4500C, the oxidation response 
changed from parabolic to linear in the case of monolithic AZ31B suggesting an intrinsic 
change in nature of the protective film. The MgO film became more porous which was 
related to Fig. 5.3a [19]. On the contrary, oxidation kinetic curves of nanocomposite 
samples still followed the parabolic law with only a slightly positive weight change, 
suggesting the ability of CaO oxide in preventing these nanocomposites from further 
oxidation [30].   
The oxidation rates of monolithic and composite samples were calculated using the 
expression initially put forth by Wagner [42]: 
DAT
Wmpy 534=            (1) 
where mpy is the oxidation rate in mils per year, W is weight loss in mg, D is density of 
specimen in g/cc, A is area of specimen in inch2 and T is exposure time in hours. The 
results of oxidation rates of the monolithic AZ31B and its nano-composite counterparts 
are summarized in Table 5.5. The results revealed that oxidation rates of monolithic 
AZ31B were comparatively high and became significantly higher at . However, 
the presence of alumina and calcium led to a significantly reduced oxidation rate of 
CT 0450≥
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monolithic AZ31B in the range of investigated temperatures (300-500oC). The effect of 
the amount of calcium in range of 1-3wt% on oxidation resistance among the composites 
was found to be negligible. These findings are extremely important from the perspective 
of using these materials in dry atmospheric condition and at high temperatures.    
 
5.4 Conclusions 
The following conclusions can be made from the present study: 
(1) The disintegrated melt deposition technique coupled with hot extrusion can be used to 
synthesize AZ31B, AZ31B-Al2O3, and AZ31B-Al2O3-Ca based formulations. 
(2) Increasing the amount of Ca addition leads to a decrease in amount of Mg17Al12 phase, 
an increase in the amount of (Mg,Al)2Ca phase and the significant refinement of matrix 
grain size. 
(3) Increasing the presence of calcium in AZ31B-1.5Al2O3 leads to a significant 
improvement in hardness, 0.2%YS and UTS while failure strain reduces. The tensile 
failure strain of AZ31B-Al2O3-3Ca, however, remained higher than that for monolithic 
AZ31B. 
(4) Increasing the presence of calcium in AZ31B-1.5Al2O3 led to a significant 
improvement in compressive strengths and work of fracture of AZ31B while failure strain 
was slightly compromised. 
(5) Tensile fracture behavior of AZ31B-Al2O3 changed back from shear-type ductile 
rupture to a typical brittle fracture mode when the amount of Ca is increased from 1-3% in 
AZ31B-1.5Al2O3 composite. 
(6) Excellent oxidation resistance of composite formulations of AZ31B was realized and 
attributed to the presence of nano-alumina and calcium in temperature range 300o-500oC. 
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DEVELOPMENT OF AZ31B THROUGH 
SIMULTANEOUS ADDITION OF 
1.5Al2O3 AND COPPER 
 
 
This chapter discusses the attempt made to enhance mechanical response of AZ31B 
using Al2O3 particulates at nanolength scale as reinforcement and copper as an 
alloying element. The primary aim was to enhance strength of AZ31B in order to 
make it suitable for strength based designs. To fulfil the aim, microstructure, tensile 
and compressive properties were meticulously investigated. The results revealed that 
addition of copper to AZ31B -1.5Al2O3 led to increase in tensile and compressive 
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Light weight applications are getting attention of researchers worldwide due to 
their ability to cut down on energy consumption and greenhouse gas emission in a number 
of engineering sectors. Among the metallic structural materials, magnesium based 
materials are the best candidates for lightweight applications due to their low density.  
Magnesium based materials are capable of reducing the weight of components by almost 
35% and 75% compared to aluminum and iron based materials, respectively [1-2]. Besides 
this, magnesium alloys exhibit good castibility, machinability, weldability, thermal 
stability, specific mechanical properties, and resistance to electromagnetic radiation [3-5]. 
However, major limiting factors in using magnesium alloys include low mechanical 
properties, rapid loss of strength with increase in service temperature and poor creep 
resistance [6-7].  
AZ31B is one of the well known magnesium alloys commonly used in engineering 
applications [8-19]. Further enhancement in its mechanical properties needs to be done, 
however, to make this alloy more competitive in applications such as in aerospace, 
automobile, electronics and sports sectors. Literature search of recent years showed that 
many attempts have been made to further improve its mechanical properties through the 
judicious use of forming, surface coating and reinforcement processes [20-26]. Firstly, 
heavy deformation such as equal channel angular extrusion, high strain rate extrusion has 
been successfully applied to AZ alloys to improve its strengths and ductility [21, 23, 25]. 
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Secondly, some efforts have been done to improve wear and oxidation resistance of 
magnesium alloys by implanting yttrium-ion and cerium [27-28], and attempting to coat 
Al18B4O33 and SiC on their surface [29]. Thirdly, many efforts have been made to improve 
the mechanical properties of AZ31 by reinforcing it with SiC particulates (1µm), Al2O3 
whisker, B4C, TiC, in-situ Al3Ti, and Al2O3 (50nm) [20, 30-34]. In addition, other 
attempts have also been made in recent years to enhance further the properties of this alloy 
through addition of rare earth elements, copper, and calcium [7, 35-36]. Results of 
literature search, however, reveals that no attempt is made to improve overall mechanical 
properties of AZ31B alloy by using simultaneous addition of nano-aluminum and copper 
using cost effective and industrial viable solidification route. 
Accordingly, in the present study, an attempt is made to add simultaneously nano-
alumina (1.5vol.%) and copper (10wt%, 18wt%) to improve microstructural, tensile and 
compressive characteristics of AZ31B alloy. Further, choice of these additions is also 
expected to enhance high temperature properties as established before [7, 37-38]. The 
technique of disintegrated melt deposition was used to synthesize these materials and all 




Macrostructural characterization studies conducted on the monolithic and composite 
samples did not reveal any presence of macropores in the matrix. Solidification shrinkage 
cavities were absent in the preforms. Following extrusion, there was also no evidence of 
any macrostructural defects. 
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6.2.2 Density Measurement 
The results of the density measurements are shown in Table 6.1. Results show that near 
dense materials can be formed using the fabrication methodology adopted in the present 
study. 
 
Table 6.1 Results of density, porosity, grain size and CTE measurements. 












Pure AZ31B 1.77 1.7679 ± 0.0017 0.12 5.8 ± 0.36 26.23 ± 0.51  
      
AZ31B-10Cu 1.9243 1.9196 ± 0.0025 0.24 0.5 ± 0.05 25.34 ± 0.46 
AZ31B-10Cu- 
-3.3Al2O3
1.9633 1.9601 ± 0.0018 0.16 0.3 ± 0.08 23.08 ± 0.48
      
AZ31B-18Cu 2.0686 2.0625 ± 0.0021 0.29 0.5 ± 0.06 23.86 ± 0.42
AZ31B-18Cu- 
-3.3Al2O3
2.1137 2.1093 ± 0.0023 0.21 0.3 ± 0.07 22.15 ± 0.45
 
6.2.3 X-ray Diffraction 
Fig. 6.1 shows X-ray diffractograms obtained from extruded samples. Diffractograms 
showed the presence of α-Mg, Mg17Al12, Mg2Cu, AlCuMg and Cu in AZ31B-Cu and 
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Fig. 6.1 X-ray diffractograms of monolithic AZ31B, AZ31B-10Cu, and AZ31B-  
10Cu-3.3Al2O3 samples. 
 
6.2.4 Microstructural Characterization 
Microstructural studies conducted on the extruded samples revealed equiaxed grain 
morphology (see Fig. 6.2). The addition of alumina and copper particulates led to a 
significant decrease in grain size of AZ31B (Table 6.1). The microstructural 
characterization also revealed the presence of minimal porosity, reasonably uniform 
distribution of secondary phases in the AZ31B matrix, and good interfacial integrity 
between the secondary phases and the matrix (Fig. 6.3). The presence of micron-size 
copper particulates was clearly observed in AZ31B-Cu samples (Fig. 6.3). The 
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microstructural characteristics associated with intermetallic phases were also quantified 
and shown in Table 6.2. The results show that the increase in amount of copper led to a 
significant increase in volume fraction and sharpness, and a significant reduction in 
interparticulate spacing of second phases. The samples after compression showed the 
presence of twinned grains and voids in the case of monolithic AZ31B but not in the case 
of composites (Fig. 6.4). This twinning phenomenon was correlated with the steady stage 

















Fig. 6.2 Grain morphology of: a) AZ31B, b) AZ31B-3.3Al2O3-10Cu, and c) 
AZ31B-3.3Al2O3-18Cu after extrusion. 
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Fig. 6.3 Representative FESEM micrographs showing the distribution and 
interfacial characteristics of secondary phases. 
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Table 6.2 Morphological characteristics of second phases. 










Pure AZ31B 1.57 1.65 1.99 8.29 
AZ31B-3.3Al2O3-10Cu 0.97 2.37 10.5 1.68 
AZ31B-3.3Al2O3-18Cu 0.85 2.41 19.3 0.86 

















Fig. 6.4 Twinned grains appeared in the case of AZ31B while no twinned grains 
were observed in the case of composites of: b) AZ31B-3.3Al2O3-10Cu, and 
c) AZ31B-3.3Al2O3-18Cu after compression.  
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6.2.5 Coefficient of Thermal Expansion 
Table 6.1 shows the results of coefficient of thermal expansion measurements obtained 
from monolithic and composite samples. The results revealed a reduction in CTE of the 




The results of microhardness measurements revealed a significant increase in average 
microhardness with an increase in amount of Cu and marginal increase due to presence of 
Al2O3 particulates (see Table 6.3). 











Pure AZ31B   63 ± 1 201 ± 7 270 ± 6   5.6 ± 1.4 14.7 ± 3.4 
      
AZ31B-10Cu   95 ± 3 240 ± 3 302 ± 2   3.8 ± 0.5 11.8 ± 1.4 
AZ31B-10Cu-3.3Al2O3 103 ± 3 241 ± 8 313 ± 9   5.6 ± 0.5 20.1 ± 1.8 
      
AZ31B-18Cu 105 ± 3 268 ± 4 310 ± 5   1.1 ± 0.4   3.9 ± 1.2 
AZ31B-18Cu-3.3Al2O3 112 ± 2 294 ± 12 344 ± 7   4.8 ± 0.4 19.1 ± 2.7 
  
6.2.7 Tensile Characteristics 
The results of ambient temperature tensile tests revealed a significant improvement in 
0.2% yield strength and ultimate tensile strength of AZ31B with an increase in amount of 
Cu but the ductility was compromised specially in the case of AZ31B-18Cu samples. The 
addition of alumina particulates in AZ31B-10Cu and AZ31B-18Cu led to a simultaneous 
increase in ductility and strength levels. The net outcome was an enhanced work of 
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fracture of AZ31B-Cu-Al2O3 system when compared to AZ31B and AZ31B-Cu system 
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Fig. 6.5 Tensile stress- strain curves of monolithic and composite samples. 
 
 
6.2.8 Compressive Characteristics 
The results of ambient temperature compressive tests revealed significant improvement in 
0.2% compressive yield strength (0.2%CYS), ultimate compressive strength (UCS) and 
work of fracture (WF) in the case of AZ31B-3.3Al2O3-Cu composite samples while the 
failure strain was marginally affected when compared to monolithic AZ31B. Within 
composite samples, strengths (0.2%CYS and UCS) increased with an increase in amount 
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Pure AZ31B 133 ± 4 444 ± 10 12.6 ± 1.0 46.3 ± 2.1 
AZ31B-3.3Al2O3-10Cu 235 ± 8 530 ± 11 10.7 ± 1.5 58.7 ± 2.3  

































 Engineering Strain (%) 
Fig. 6.6 Compressive stress – strain curves of monolithic AZ31B, AZ31B-
3.3Al2O3-10Cu, and AZ31B-3.3Al2O3-18Cu samples. 
 
 
6.2.9 Tensile Fracture Behavior 
The tensile fracture surfaces of monolithic and composite samples are shown in Fig. 6.7. 
The monolithic and AZ31B-Cu-Al2O3 samples showed evidence of mixed-mode fracture 
with small microcracks and visible evidence of plastic deformation. However, fracture 
surface of AZ31B-Cu samples showed relatively larger presence of microcracks and the 
breakage of Cu particulates.  
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Fig. 6.7 Fractographs showing: a) microcracks in pure AZ31B, b) microcracks and 
breakage of Cu particulates in AZ31B-10Cu, and c) microcracks in AZ31B-
10Cu-3.3Al2O3. 
 
6.2.10 Compressive Fracture Behavior 
Following compressive testing, monolithic samples split into two parts and fracture 
surfaces of all monolithic samples were inclined at an angle of 450 while composite 
samples shattered into 3 parts (see Fig. 6.8). FESEM study of fracture surfaces revealed 
presence of much more shear bands in monolithic samples when compared to composite 
samples (see Fig. 6.8). 
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Fig. 6.8 Fractographs showed: (a) Prominent shear bands in the case of: AZ31B and 
(b, c) mix mode of shear and brittle fracture in the cases of: AZ31B-
3.3Al2O3-10Cu and AZ31B-3.3Al2O3-10Cu, respectively.  
 
6.3 Discussion 
6.3.1 Synthesis of Monolithic AZ31B and its Composites 
Synthesis of monolithic AZ31B and its composites was successfully accomplished using 
the DMD technique followed by hot extrusion. Important features observed in the present 
study were: (i) minimal oxidation of materials; (ii) absence of macropores and blowholes; 
and (iii) no detectable reaction between AZ31B based molten formulations and the 
graphite crucible [7]. 
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The argon gas used during melt processing, dispersion, and deposition was instrumental in 
the prevention of reaction between air and the melt. The absence of macropores, 
blowholes and segregation or agglomeration of reinforcement particulates due to the effect 
of gravity reveals the suitability of processing parameters such as superheat temperature, 
stirring speed and time, and gas flow rate [37]. The absence of macropores and blowholes 
also suggests that the continuous flow of argon gas during the melting, stirring and 
deposition stages did not lead to the entrapment of gases. The lack of reaction between 
AZ31B, its composites and the graphite crucible can be attributed to the inability of 
magnesium to form stable carbides [7]. The results, in particular, show the feasibility of 
the DMD process as a potential fabrication technique for AZ31B magnesium alloy and its 
composites containing Al2O3 reinforcement and copper as an alloy element. 
   
6.3.2 Microstructural Characteristics 
The results of microstructural characterization are discussed in terms of grain morphology, 
sizes and distribution of secondary phases, presence of porosity and interfacial integrity 
between secondary phases and the matrix.  
The results of microstructural characterization revealed presence of nearly equiaxed grains 
(Fig. 6.2) in both monolithic and composite samples. Intermetallics predominantly located 
at grain boundaries were observed in all samples. The addition of copper led to a 
significant decrease in grain size primarily due the presence of additional Cu based phases 
such as Mg2Cu, AlCuMg and Cu and their ability to serve as either nucleation sites or 
obstacles to grain growth during solid state cooling. Results shown in Table 6.1 reveal that 
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the addition of 3.3 weight percent (1.5vol.%) of nano-Al2O3 particulates did not affect the 
grain size significantly.    
X-ray results show the existence of Mg17Al12, Mg2Cu and AlCuMg intermetallic phases 
and Cu peak in AZ31B-Cu and AZ31B-Cu-Al2O3 samples (see Fig. 6.1). The overall 
characteristics of intermetallic phases of the samples were quantified by image analysis 
and shown in Table 6.2. The results showed that the average size of second phases is 
about 1 µm which is much smaller than the original size of Cu particulates (8-11 µm). It 
suggests interaction between Cu and AZ31B alloy but the reactions were incomplete as Cu 
particulates were still observed in the case of AZ31B-Cu and AZ31B-Cu-Al2O3 samples 
(Figs. 6.2 and 6.3). Results also revealed that increasing amount of Cu leads to a 
significant increase in the volume fraction of intermetallic phases (Table 6.2). 
Microstructural studies conducted on the extruded samples revealed reasonably uniform 
distribution of the particulates/intermetallics in the AZ31B matrix. This can be attributed 
to: (i) minimal agglomeration of reinforcements during melting of matrix, (ii) minimal 
gravity-associated segregation due to judicious selection of stirring parameters, and (iii) 
the effect of nano-Al2O3 hard particulates in dispersing second phases of AZ31B [34].  
The microstructural characterization revealed the presence of minimal porosity in all 
samples (see Figs. 6.2 and 6.3). This has also been supported by the experimental porosity 
results obtained using density measurement and shown in Table 6.1. Presence of minimal 
porosity can be attributed to: (i) good compatibility between the AZ31B matrix and 
particulates/intermetallics, leading to the absence of voids and debonded regions usually 
associated with ceramic reinforcements [37], and (ii) judicious selection of experimental 
parameters during primary and secondary processing [7]. 
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The results of microstructural characterization of monolithic and composite samples also 
indicated a near defect-free interface formed between secondary phases and the matrix 
(see Fig. 6.3). The interfacial integrity was assessed in terms of interfacial debonding and 
the presence of microvoids at the interface. The previous findings also pointed out a good 
wetability of Cu and nano-Al2O3 particulates in the magnesium based matrices [7, 39].        
 
The results of Table 6.2 indicated that increasing the amount of copper leads to a 
significant increase in volume fraction of second phase. The size of second phase was 
slightly reduced with increasing presence of copper while the shape of second phase can 
be described as multi-faceted, flatter and sharper than that of AZ31B (Fig. 6.3). Following 
compressive deformation, no significant change in microstructure was observed in the 
case of AZ31B-3.3Al2O3-Cu composites. However, in the case of monolithic AZ31B, the 
samples revealed presence of twinned grains and microvoids (see Fig. 6.4) [34]. Careful 
observation using FESEM revealed that deformation twinning mostly appeared in larger 
grains (see Fig. 6.4a). Recently researchers showed that preferred {10-12} twinning 
dominated in AZ31 during compression at room temperature [40-41]. Barnett et al. [42] 
used electron back scattering diffraction method to identify prominent appearance of {10-
12} twinning in AZ31 during compression. A correlation between the twinning effect and 
the stress – strain curve suggested that twin initiated at near yield strength level and 
dominated during the steady stage (see the circled part on Fig. 6.6) [43]. Microstructural 
investigation also revealed the presence of microvoids predominantly at the interfaces of 
second phases and occasionally at twinning front (see Fig. 6.4a). Usually these micro-
voids occupied a significant portion of the twin and rarely protrude much into the 
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neighbouring grains [34]. These findings are also consistent with that made on monolithic 
material [8].  
 
6.3.3 Coefficient of Thermal Expansion 
CTE measurements revealed that the presence of Cu and nano-Al2O3 particulates reduced 
the CTE of the AZ31B matrix (see Table 6.1). The reduction in CTE can be attributed to 
much lower CTE values of copper and alumina when compared to AZ31B (17.4 x 10-6K-1 
and 7.4 x 10-6K-1 for Cu and Al2O3 respectively) and the ability of the reinforcements to 
effectively constraint the expansion of the matrix [39, 44]. The lower CTE value of 
AZ31B-Cu and AZ31B-Cu-Al2O3 samples may also be attributed to the additional 
presence of Cu based phases such as Mg2Cu, and AlCuMg [45].  
 
6.3.4 Microhardness  
A significant increase in microhardness was observed in AZ31B-Cu and AZ31B-Cu-
Al2O3 samples when compared to monolithic AZ31B (see Table 6.3). The increase in 
hardness of composites with increasing amount of copper and nano-alumina can be 
attributed primarily to: (i) an increase in the amount of harder intermetallic phases and 
presence of nano-Al2O3 ceramic particulates [39, 46] and (ii) greater constraints on 
localized matrix deformation during indentation due to the increased presence of 
intermetallic phases (see Table 6.2) [37]. This is consistent with earlier observations made 
on pure Mg-Cu, AZ91 – Cu, and AZ31B – Al2O3 formulations [7, 34, 37]. 
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6.3.5 Tensile Strength 
The results of tensile tests revealed that the AZ31B-Cu-Al2O3 nanocomposite samples 
exhibited a significant increase in 0.2% yield strength and ultimate tensile strength when 
compared to monolithic AZ31B (see Table 6.3 and Fig. 6.5). The significant increase in 
0.2% yield strength and ultimate tensile strength of monolithic AZ31B due to addition of 
copper and nano-alumina particulates can be primarily attributed to: (i) grain refinement; 
(ii) The presence of reasonably distributed harder particulates/intermetallics phases [37]; 
(iii) Orowan strengthening due to a significantly reduced interparticulate spacing of 
intermetallics phases (see Table 6.2) [34, 38, 44]; (iv) the effective load transfer between 
matrix and secondary phases [37]; and (v) the formation of internal stresses due to 
different thermal expansion behavior between particulates/intermetallics and the matrix 
[44].  
The uncompromised failure strain of AZ31B-10Cu-Al2O3 besides higher strength levels 
when compared to monolithic AZ31B can primarily be attributed to grain refinement [39] 
and the presence of nano-alumina particulates. Effect of nano-alumina particulates in 
significant improvement of failure strain of AZ31B (up to 427%) was observed in the 
previous study [34]. Further increase in amount of copper (AZ31B-18Cu-3.3Al2O3) led to 
reduced failure strain when compared to AZ31B but more than 336% increase when 
compared to AZ31B-18Cu. The results clearly reveal the inherent characteristic of Cu 
addition in reducing failure strain [7] and that of alumina particulates at nanolength scale 
to increase the failure strain of magnesium based materials [39]. 
The work of fracture (WoF) of AZ31B-Cu-Al2O3 samples was found to be much higher 
when compared to that of AZ31B and AZ31B-Cu samples. WOF improved up to 37% in 
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the case of AZ31B-10Cu-3.3Al2O3 composite samples when compared to AZ31B alloy 
(see Table 6.3). This can mainly be attributed to the improved strengths (0.2%YS and 
UTS) of the nano-composites samples without any compromise of failure strain. Work of 
fracture expresses the ability of material to absorb energy up to fracture under tensile load 
and corresponds to the area under engineering stress – strain curve [39]. The results thus 
clearly reveal the enhanced damage tolerant capability of AZ31B-Cu-Al2O3 formulations. 
   
6.3.6 Compressive Strength 
The results of compressive properties characterization showed that the presence of Al2O3 
nano-particulates and copper in AZ31B matrix increased both the 0.2%YCS and UCS (see 
Table 6.4 and Fig. 6.6). An increase of 96% in 0.2%YCS and 24% in UCS was obtained 
in the case of AZ31B-3.3Al2O3-18Cu sample. Similar observations were made in the case 
of micro-composites based on Mg and Mg alloys [7, 47]. The significant increase in 0.2% 
yield compressive strength and ultimate compressive strength of AZ31B-3.3Al2O3-Cu 
formulations can primarily be attributed to: (i) significant grain refinement [36], (ii) the 
presence of reasonably distributed harder particulates/intermetallics phases [46], (iii) 
dislocation generation due to elastic modulus mismatch and coefficient of thermal 
expansion mismatch between the matrix and reinforcement [7, 48], (iv) load transfer from 
matrix to reinforcement/second phases [34] and (v) Orowan strengthening mechanism 
[48]. The failure strain of composites, however, was marginally affected. The reduction in 
failure strain with an increase in amount of Cu can be attributed to the increasing amount 
of flatter and sharper second phases in the microstructure (Fig. 6.3 and Table 6.2). It may 
be noted that the presence of harder and high aspect ratio phases such as Mg2Cu, MgAlCu 
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leads to plastic incompatibility with the matrix during compressive loading leading to 
early crack nucleation and hence reduced ductility [7]. 
The work of fracture of the AZ31B-3.3Al2O3-Cu formulations was found to be much 
larger when compared to that of the monolithic AZ31B magnesium alloy and improved by 
more than 41% in the case of AZ31B-3.3Al2O3-18Cu composite samples (see Table 6.4). 
This can mainly be attributed to the significant enhancement of compressive strengths 
coupled with only slightly reduction of failure strain of the nano-composites samples 
synthesized in the present study. Work of fracture expresses the ability of material to 
absorb energy up to fracture and corresponds to the area under engineering stress – strain 
curve [36]. The results thus clearly reveal the enhanced damage tolerance capability of 
AZ31B when reinforced with nano-Al2O3 particulates and alloyed with copper.  
 
 6.3.7 Tensile Fracture Behavior 
The study of uniaxially deformed fracture surfaces indicated the microstructural effects on 
fracture characteristics of nanocomposites. The monolithic and AZ31B-Cu-Al2O3 samples 
showed mixed-mode fracture, presence of microcracks and limited evidence of plastic 
deformation [37]. However, fracture surface of AZ31B-Cu samples indicated significant 
presence of microcracks and broken Cu particulates indicative of limited plastic 
deformability [7] (see Table 6.3 and Fig. 6.7).  
 
6.3.8 Compressive Fracture Behavior 
Macroscopically, all monolithic AZ31B samples failed via one principle crack which was 
inclined at 450 to the compressive axis (see Fig. 6.8a) while all the composite samples 
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shattered into 3 parts (see Figs 6.8b and c). Careful observation of broken samples 
suggested that the failure generally appeared at the maximum stress, and the failure of the 
monolithic sample initiated near to the specimen ends [34] while failure of the composites 
initiated at the center of upper end of the samples. These results are consistent with 
findings made on Mg/Saffil and RZ5/Saffil composites [49]. The study of uniaxially 
compressively deformed fracture surfaces indicated the microstructural effects on failure 
strain and fracture characteristics of monolithic AZ31B and nano-composite samples. 
Examination of fracture surfaces of AZ31B samples revealed shear bands which can be 
attributed to twinning shear [34] (see Fig. 6.8a). However, fracture surface of composite 
samples showed mix mode of shear and brittle fracture [20] (see Figs 6.8b and c).   
 
6.4 Conclusions 
The following conclusions can be made from the present study: 
(1) The disintegrated melt deposition technique coupled with hot extrusion can be used to 
synthesize AZ31B, AZ31B-Cu, and AZ31B-Cu-Al2O3 formulations. 
(2) Addition of Cu particulates leads to formation of Mg2Cu and AlCuMg second phases 
in matrix. Reasonably uniform distribution of secondary phases in the AZ31B matrix is 
obtained.    
(3) Increasing the presence of copper in AZ31B-Cu-Al2O3 samples leads to a significant 
improvement in hardness, 0.2%YS and UTS without any compromise of failure strain of 
AZ31B up to 10 wt% of Cu. 
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(4) Increasing the presence of copper in AZ31B-1.5Al2O3 led to a significant improvement 
in compressive strengths and work of fracture of AZ31B while failure strain was 
compromised. 
(5) Tensile fracture behavior of AZ31B-Cu-Al2O3 samples shows evidence of mixed-
mode fracture with limited presence of microcracks and limited evidence of plastic 
deformation while AZ31B-Cu samples exhibited significant presence of microcracks and 
the breakage of Cu particulates.   
(6) Shear compressive fracture due to twinning was observed in AZ31B while mix mode 
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Chapter7: Conclusions and Recommendations 
 
OVERALL CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 
 
7.1 Overall Conclusions 
The main aim of the current PhD project was to develop new advanced light 
weight structural nano-composites based on magnesium alloy system AZ31B by addition 
of: (a) nano-alumina particulates, (b) nano-alumina and calcium, and (c) nano-alumina and 
copper, respectively, using disintegrated melt deposition technique followed by hot 
extrusion. Three different volume percentages of nano-Al2O3 (0.66%, 1.11%, and 1.5%) 
were reinforced into the AZ31B matrix in the first phase. The nano-composite AZ31B-
1.5Al2O3 exhibited great potential in terms of failure strain and hence was selected for 
further development through the additions of different amounts of calcium and copper. 
AZ31-1.5Al2O3-Ca system was the subject of second phase of this study while AZ31B-
1.5Al2O3-Cu system formed the third phase of the study. The main conclusions derived 
from each of these systems are listed below: 
 
AZ31B-Al2O3 System 
(1) Monolithic AZ31B and AZ31B/Al2O3 composites can be successfully 
synthesized by using the DMD technique followed by hot extrusion. 
 
(2) The microstructure of the AZ31B alloy consists of α-Mg hcp matrix and γ-
Al12Mg17 second phase. The presence of Al2O3 nano-particulates assisted in the 
refinement of grain size and second phase. 
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(3) Reasonably uniform distribution of Al2O3 nano-particulates, good adherence of 
reinforcement and the matrix, and presence of minimal porosity of the nano-
composites revealed the suitability of processing methodology adopted in the 
present study. 
 
(4) The results of coefficient of thermal expansion measurements showed the 
decrease in CTE with increasing presence of nano-size Al2O3 particulates.  
 
(5) The results of mechanical characterization revealed a significant increase in 
both failure strain (up to 29.48%) and work of fracture of the nano-composites. 
0.2% yield strength and ultimate tensile strength reduced as a result of 
presence of nano-size Al2O3 particulates.  
 
(6) The presence of Al2O3 nanoparticulates leads to an increase in compressive 
strengths, failure strain and work of fracture of AZ31B. The effect of amount 
of Al2O3 nanoparticulates within 0.66 - 1.5 volume percent range on the 
properties remained marginal. 
 
(7) Tensile fracture behavior of AZ31B changed from typical brittle fracture mode 
to shear-type ductile fracture mode as a result of presence of Al2O3 nano-
particulates. 
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(8)   Macroscopic and microscopic compressive fracture behavior of AZ31B 
samples was not affected noticeably as a result of presence of Al2O3 
nanoparticulates within the limit of 1.5 volume percentage. 
 
(9)   The presence of nano-Al2O3 particulates assisted in retarding the oxidation 
rate of the magnesium alloy AZ31B at all temperatures investigated in this 
study. 
 
(10) A composite containing 1.5 volume percent of nano-Al2O3 particulates 
exhibits acceptable oxidation resistance at 4000C. 
 
(11) The presence of nano-alumina particulates could not prevent the transition 
from parabolic to linear oxidation behavior at  4500C. 
 
(12) Transition from parabolic to linear oxidation kinetics at temperatures ≥  4500C 
can primarily be attributed to the development of large defects such as pores 
and cracks in oxide layer. 
 
AZ31B-1.5Al2O3-Ca System 
(1)   The disintegrated melt deposition technique coupled with hot extrusion can be 
used to successfully synthesize AZ31B-Al2O3-Ca based formulations. 
 
Development of Nano-composites Based on Magnesium Alloy System AZ31B 143
Chapter7: Conclusions and Recommendations 
(2)  Increasing the amount of Ca addition leads to a decrease in amount of 
Mg17Al12 phase, an increase in the amount of (Mg,Al)2Ca phase and the 
significant refinement of matrix grain size. 
 
(3)  Increasing the presence of calcium in AZ31B-1.5Al2O3 leads to a significant 
improvement in hardness, 0.2%YS and UTS while failure strain reduces. The 
tensile failure strain of AZ31B-Al2O3-3Ca, however, remained higher than 
that for monolithic AZ31B. 
 
(4)  Increasing the presence of calcium in AZ31B-1.5Al2O3 led to a significant 
improvement in compressive strengths and work of fracture of AZ31B while 
failure strain was slightly compromised. 
 
(5)  Tensile fracture behavior of AZ31B-Al2O3 changed back from shear-type 
ductile rupture to a typical brittle fracture mode when the amount of Ca is 
increased from one to three percent in AZ31B-1.5Al2O3 composite. 
 
(6)  Excellent oxidation resistance of composite formulations of AZ31B was 
realized and attributed to the simultaneous presence of nano-alumina and 
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AZ31B-1.5Al2O3-Cu System 
(1)   The disintegrated melt deposition technique coupled with hot extrusion can be 
used to synthesize AZ31B-Cu-Al2O3 formulations. 
 
(2)   Addition of Cu particulates leads to formation of Mg2Cu and AlCuMg second 
phases in matrix. Reasonably uniform distribution of secondary phases in the 
AZ31B matrix was obtained.    
 
(3)  Increasing the presence of copper in AZ31B-Cu-Al2O3 samples leads to a 
significant improvement in hardness, 0.2%YS and UTS without any 
compromise of failure strain of AZ31B up to 10 wt% of Cu. 
 
(4)  Increasing the presence of copper in AZ31B-1.5Al2O3 led to a significant 
improvement in compressive strengths and work of fracture of AZ31B while 
failure strain was compromised. 
 
(5)  Tensile fracture behavior of AZ31B-Cu-Al2O3 samples shows evidence of 
mixed-mode fracture with limited presence of microcracks and limited 
evidence of plastic deformation while AZ31B-Cu samples exhibited 
significant presence of microcracks and the breakage of Cu particulates.   
 
(6)   Shear compressive fracture due to twinning was observed in AZ31B while 
mix mode of shear and brittle compressive fracture was observed in the case 
of AZ31B-1.5Al2O3-Cu composites. 
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Recommendations for Material Selectors 
From engineering point of view, the composites developed in this project show great 
potential in diverse engineering applications. They can be suitable for varied engineering 
applications requiring either high ductility or moderate ductility and strength or high 
strength or high oxidation resistance. A table of recommended materials with respect to 
the end properties required is presented below: 
 
Table 7.1 End property requirement and recommended materials. 




1.     AZ31B – 1.5Al2O3 
2.    AZ31B – 1.5Al2O3 – 1Ca 
Medium Yield Strength 
And Good Ductility 
       AZ31B – 1.5Al2O3 – 1Ca        
 
High Yield Strength 
1.    AZ31B – 1.5Al2O3 – 2Ca 
2.    AZ31B – 1.5Al2O3 – 3Ca 
3.    AZ31B – 1.5Al2O3 – 10Cu 
4.    AZ31B – 1.5Al2O3 – 18Cu 
 
High Oxidation Resistance 
1.    AZ31B – 1.5Al2O3 – 1Ca 
2.    AZ31B – 1.5Al2O3 – 2Ca 
3.    AZ31B – 1.5Al2O3 – 3Ca 
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It may be also noted that composites developed in this study are comparable to many 
aluminum based materials. Table 7.2 shows the advantages of nanocomposites developed 
in this study over some aluminum based materials in terms of strength and ductility. This 
strongly suggests the feasibility of magnesium based composites to replace aluminum 
based materials in the near future.    
 
Table 7.2 Comparison between composites developed in this study with some grades of    
                aluminum based materials. 
 
Material 0.2%YS (MPa) UTS (MPa) Ductility (%) 
AZ31B-1.5Al2O3 144 214 29.5 
AZ31B-1.5Al2O3-1Ca 185 243 16 
AZ31B-1.5Al2O3-3Ca 235 285 7.3 
AZ31B-1.5Al2O3-10Cu 241 313 5.6 
AZ31B-1.5Al2O3-18Cu 294 344 4.8 
5005-0* 40 125 25 
5050-0* 55 145 24 
5052-0* 90 195 25 
5154-0* 115 240 27 
2024-0* 75 185 22 
3003-H12* 125 130 20 
3003-H18* 185 200 10 
3105-H12* 130 150 7 
5353-H28, H38* 240 285 5 
5652-H38* 255 290 7 
*ASM Handbook, Vol. 2: Properties and Selection: Nonferrous Alloys and Special Purpose Materials, 1993.  
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7.2 Recommendations for Future Work 
Development of AZ31B magnesium alloy was successfully carried out in this 
study in terms of tensile, compressive and oxidation characteristics. Nano-composites 
developed in the present study display tremendous potential in diverse engineering 
applications ranging from aerospace, automobile, transportation, sports to domestic 
products. 
The results have also shown many interesting aspects of the mechanical behavior 
of AZ31B alloy such as the changes in microstructure and deformation mechanisms as 
well as strengthening mechanisms due to the addition of Al2O3, Ca and Cu. However, 
more tests needs to be done to examine the other important properties of these nano-
composites such as fatigue, creep and flammability resistance tests. In order to make these 
composites commercially viable, studies related to machining, welding or other forms of 
deformation such as rolling, equi-channel angle pressing should be carried out. Further, 
more in-depth study on microstructural evolution should be carried out using the 
technique of transmission electron microscopy.  
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 Appendix: DMD Log Sheet 
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No. of Experiments 11 Date: From 8/05  To 1/09 
MMC System AZ31B 
AZ31B + 0.66%, 1.11%, and 1.5vol% Al2O3
AZ31B-1.5Al2O3 + 1%, 2%, and 3wt% Ca 
AZ31B-1.5Al2O3 + 10%, and 18wt% Cu 
AZ31B + 10%, and 18wt% Cu 
Processing Route Disintegrated Melt Deposition Technique 








      
      
      
      
      
      
      




Form 50 nm 
Volume (%) 0.66; 1.1
Mode of addition Hole filli
H
Starting time 0 
Initial Temperature 200C 
APPARATUS 
Crucible type Graphite
Crucible size A12 
Crucible diameter,D 125mm 
Nozzle size 10mm 
S
Stirring temperature  
Stirring time 5 mins 
Stirring speed  
ARGON SUPPLY 




Continuous stream of melt
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RAW MATERIAL 
ss (g) Form Purity  
Blocks 99.9% 
REINFORCEMENTS 
Type 2 Ca and Cu 
Form Ca (lump) 
Cu: 8-11µm 
1 and 1.5% Volume Ca: 1, 2, 3wt% 
Cu: 10, 10wt% 
ng  Hole fillings 
EATING TEMPERATURE 
Ending time 1h40min 
Final temperature 7500C 
 Impeller type 
 
Mild steel, twin 
blade, pitch 450
Impeller diameter,d 75mm 
  
TIRRING  CONDITION 
Stirring position 
 
20 mm from bottom 
of the crucible 
Stirring times 1 
 Gas flow rate to 
mould 
25 l/min 
CESS PERCENTAGE YIELD 
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Appendix: Drawing of Tensile and Compression Spcimens 
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